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ABSTRACT 
 
The course for later life immune responses is set early in life during the developmental 
phase of the immune system and accordingly disturbances of immune development 
may have long-term consequences for host health. In terms of immune activation and 
immune development the gut microbiota play an important role and consequently 
disturbances of early life microbial colonization may affect host immunity later in life. 
In chickens, disturbances of microbial colonization may be caused by various early life 
conditions which in turn may affect robustness of the chick in the long term. The aim 
of this thesis was to assess the effects of several early life factors including time of 
access to feed post hatch (immediately or 72 hours delayed), housing conditions, 
antibiotic treatment, and intestinal pathology on the intestinal microbiota composition, 
immune development, and specific antibody response later in life in chickens. 
Additionally, possible differences between broilers and layers were taken into account 
as unintentional co-selection of immunological traits may have taken place during the 
selection process for different production traits. Delayed access to feed and 
administration of antibiotics early in life led to a shift in early life microbiota 
composition, which seemed to be restored quite quickly in both cases. Microbiota 
composition in response to DSS was not investigated, but based on rodent studies was 
expected to be influenced. Ileal immune development, which was assessed in terms of 
relative cytokine and immunoglobulin mRNA expression levels was not affected by 
feeding strategy post hatch (early vs. delayed), but a downregulation of ileal 
immunoglobulin expression levels could be observed during DSS treatment. All early 
life factors investigated affected the specific antibody response towards an 
immunological challenge later in life. Interestingly, there seemed to be an interaction 
between immediate access to feed post hatch and immune responsiveness towards the 
environment, thus early feeding may influence the adaptive capacity of chickens in 
different environments. Regarding the differences between breeds it is interesting to 
note that broilers seem to have developed a more humoral oriented immune strategy, 
while layers seem to react in a more pro-inflammatory way. Taken together, results 
suggested that early life conditions may influence priming of the immune system 
during its developmental phase, leading to altered antibody responses later in life. 
Furthermore, broilers and layers seem to have developed different immune strategies. 
Early life conditions as well as possible differences between breeds should therefore be 
taken into account in future immunological studies.  
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Introduction 
 
Immune development and immune functionality may be influenced by 
management procedures of commercial hatcheries such as delayed access to feed 
post hatch, and may further be influenced by factors such as early life antibiotic 
treatment, housing conditions, and intestinal pathologies. These factors very likely 
also affect the microbiota composition in early life. Since the gut microbiota is in 
particular responsible for activation and development of the host immune system, 
disturbances of microbial colonization during early life may have long-lasting 
consequences for host immunity and therefore robustness of chickens. The 
experiments conducted within the scope of this thesis therefore aimed to 
investigate the consequences of different early life factors that may influence 
microbial colonization of the gut on immune development and later life immunity 
in chickens. Additionally, possible immunological differences between broilers and 
layers that are selected for different production traits were investigated.  
This chapter will describe why adequate microbial colonization early in life is 
considered important for gut and immune development and which challenges the 
newly hatched chick faces in this regard. Furthermore, possible immunological 
consequences of disturbances of early life microbial colonization and of selection 
for certain production traits will be described. Finally, the research that was 
performed within the scope of this thesis will be outlined. 
 
 
Importance of microbial colonization for gut and immune development 
 
Development towards a healthy gut and functioning immune system requires 
adequate microbial colonization of the intestine. Studies in germ-free animals 
illustrate the importance of microbial colonization for gut development. The 
absence of microbial stimuli in these animals leads to an abnormal gut 
development, which amongst other things is characterized by a distention of the 
cecum (Wostmann and Bruckner-Kardoss, 1959), a reduced intestinal mucosal 
surface area (Gordon and Bruckner-Kardoss, 1961), and an underdeveloped 
vascular network of the villi (Stappenbeck et al., 2002). Microbial colonization not 
only stimulates gut development, but is also required for immune development due 
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to the constant interaction between the intestinal microbiota and the host immune 
system (Hill and Artis, 2010; Round and Mazmanian, 2010). Priming of the innate 
immune system requires microbial colonization (Clarke et al., 2010) and Peyer’s 
patches and T cell subsets develop in response to microbial colonization, which 
furthermore stimulates the production of secretory IgA and the functioning of 
macrophages (Barman et al., 1997; Smith et al., 2007; Round and Mazmanian, 
2009). Moreover, microbial colonization is important for the induction of 
regulatory T cells and for maintaining the balance between regulatory and effector 
T cells (Mazmanian et al., 2005; Hall et al., 2008; Ishikawa et al., 2008; Ivanov et 
al., 2008; Geuking et al., 2011), and influences B cell development (Moreau et al., 
1978; Bos et al., 1987; He et al., 2007; Hapfelmeier et al., 2010). In chickens it was 
recently found that immune complexes consisting of maternal antibodies and gut 
bacteria drive B cell differentiation in the bursa and play a role in the induction of 
specific systemic IgM antibodies (Sonoda et al., 2013; Ekino et al., 2015) 
indicating the importance of microbial colonization for the development of 
humoral immunity in chickens. Since maternal antibodies reflect the infection 
history of the hen, immune development in the offspring may transgenerationally 
be influenced via this mechanism. Microbial colonization was also shown to 
enhance the number of IgA and IgG secreting cells in various lymphoid tissues 
(Bos et al., 1988) as well as serum IgG levels (Gustafsson and Laurell, 1958), and 
leads to higher specific antibody responses (Ohwaki et al., 1977). Additionally, 
microbial colonization can decrease susceptibility to various bacterial infections 
(Taylor et al., 1961; Inagaki et al., 1996).  
That a certain complexity in microbiota composition is necessary for immune 
activation has been shown in a study of Moreau et al. (1978), in which the 
combination of several, individually not stimulatory bacterial strains, led to an 
increase in intestinal IgA+ cells. Immunomodulatory effects of intestinal bacteria 
have for instance been found for certain lactobacilli, which were shown to be able 
to enhance innate and adaptive immunity (Gill et al., 2000; Kawase et al., 2012), 
direct T cell mediated immune responses (Mohamadzadeh et al., 2005), and 
attenuate inflammatory processes in the gut (Schultz et al., 2002; Osman et al., 
2004; Pathmakanthan et al., 2004; Petrof et al., 2009). Furthermore a combination 
of different clostridia was found to play an important role in the induction of 
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regulatory T cells, and in this way is important for the maintenance of intestinal 
homeostasis (Atarashi et al., 2011; Lopetuso et al., 2013).  
Due to the described interaction between intestinal microbiota and the host 
immune system, disturbances of microbial colonization may have far-reaching 
consequences for host health.    
 
 
Challenges faced by the newly hatched chick 
 
At hatch the chick’s immune system is still immature and will gradually 
develop during the first weeks of life (Jeurissen et al., 1989). In first instance 
protection is provided via passive immunity by maternal antibodies present in the 
egg yolk (Kowalczyk et al., 1985; Kaspers et al., 1996; Hamal et al., 2006). 
Protection by maternal antibodies continuously subsides until about two weeks post 
hatch (Grindstaff et al., 2003; Hamal et al., 2006) and the chick has to rely on its 
own immune system. This period of dependency on passive immunity while the 
own adaptive immune system gradually develops has been proposed as a critical 
window in immune development (Butler and Šinkora, 2007). One of the most 
important sites from an immunological point of view is the gut and as described 
above, development towards a healthy gut and functioning immune system requires 
microbial colonization of the intestine, since there is a constant interaction between 
the intestinal microbiota and the immune system, which directs immune responses 
of the host (e.g. Hill and Artis, 2010; Round and Mazmanian, 2010). Placental 
mammals usually acquire their first microbes from their mother by passing through 
the birth canal (Dominguez-Bello et al., 2011). The chick on the other hand comes 
into contact with microbes present on the eggshell during the process of hatching, 
but bacteria may also enter the egg via pores in the eggshell (Berrang et al., 1999). 
In commercial hatcheries, however, transfer of microbes from hen to chick is 
largely prevented by disinfection of eggs and chicks. Chicks therefore have to rely 
on environmental microbes for colonization of the gut. Hereby bacteria present in 
feed play an important role and feed furthermore provides nutrients for the 
developing microbiota. In most cases, however, feed is not available in the 
immediate post hatch period. Despite some recent efforts being made to provide 
feed immediately post hatch by new hatching systems and on-farm hatching, the 
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vast majority of chicks still hatches in conventional hatching systems with no 
access to feed or water in the immediate post hatch period. The delay in access to 
feed may last up to 72 hours due to fixed management procedures at hatcheries. 
Chicks hatch over a period of 24 to 36 hours, but pulling of chicks in commercial 
hatcheries is set at a fixed time point of 21.5 days of incubation, a time point at 
which the majority of chicks has already hatched. Subsequent selection, counting, 
vaccination, and transport of chicks to the farm leads to a further delay in access to 
feed. This delay in access to feed and therefore colonization with a complex 
microbiota may have far-reaching consequences for chick (immune) development, 
especially since colonization is hampered in a period in which oral tolerance is 
developed. It has been shown that in the chicken oral tolerance, i.e. tolerance 
towards antigens present in feed, can only reliably be induced in the first 3 days 
post hatch under repeated antigenic stimulation (Klipper et al., 2000). Development 
of oral tolerance is important as it does not only lead to tolerance of antigens at 
mucosal sites, but also influences systemic immune responses (Pabst and Mowat, 
2012). Failure to develop oral tolerance may result in hypersensitivity responses 
towards innocuous food antigens and immune homeostasis may be at stake (Pabst 
and Mowat, 2012). Apart from oral tolerance towards food antigens, development 
of mucosal tolerance towards harmless commensal bacteria is important in order to 
prevent intestinal pathologies due to hypersensitivity responses towards these 
bacteria (Tlaskalová-Hogenová et al., 2002; Pabst and Mowat, 2012). It is possible 
that, like oral tolerance, the reliable induction of mucosal tolerance is confined to 
the first 3 days post hatch as well and in that case chicks that face a long delay 
from the moment of hatch to their first intake of feed might be more prone to 
develop intestinal pathologies later in life.  
 
 
Disturbance of early life microbial colonization and its consequences 
 
As mentioned above, microbial colonization is essential for development of a 
well-functioning immune system and especially microbial colonization early in life 
seems to be important in this regard.  
 In humans for instance the mode of delivery determines with which bacteria 
the newborn is initially colonized and differences in fecal microbiota composition 
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between children born vaginally or via caesarean section may persist for months 
(Grölund et al., 1999; Huurre et al., 2008). While the former are colonized by 
microbiota found in the birth canal, the latter are colonized by microbiota found on 
the skin (Dominguez-Bello et al., 2010). Microbiota composition may further be 
influenced by the use of antibiotics and the type of infant feeding (Penders et al., 
2006). Differences in initial microbiota composition may have long-lasting effects 
on immune development and therefore host health. It has been shown that in 
children delivered by caesarean section the number of IgM, IgG, and IgA secreting 
lymphocytes derived from blood is decreased during the first year of life compared 
with children delivered vaginally (Huurre et al., 2008). Furthermore children 
delivered by caesarean section are more prone to develop atopic disorders later in 
life (Kero et al., 2002; Bager et al., 2003; Renz-Polster et al., 2005; Salam et al., 
2006). The same is true for children in which antibiotic treatment in the perinatal 
period led to a shift in microbiota composition (Farooqi and Hopkin, 1998; 
Wickens et al., 1999; Penders et al., 2007; Russell et al., 2013). Similar results 
have been found in rodents, in which germ-free mice showed a shift towards Th2 
responses upon oral administration of an antigen, which was prevented when mice 
were conventionalized (Sudo et al., 1997). Conventionalization was, however, only 
effective when it took place in the neonatal period and remained ineffective at later 
ages (Sudo et al., 1997). Similarly, the administration of antibiotics leads to a shift 
towards Th2 responses and lower numbers of lymphocytes in spleen and Peyer’s 
patches of mice only when antibiotics are administered early in life (Okayama et 
al., 2001). In accordance with the study of Okayama et al. (2001), antibiotics were 
found to increase the probability to develop allergic disorders only when antibiotics 
were administered to neonatal mice, but not when administered to adult mice 
(Russell et al., 2012). A study by Olszak et al. (2012) showed that invariant natural 
killer T cells, which form a bridge between the innate and adaptive arm of the 
immune system (Van Kaer et al., 2011), accumulate in mucosal tissues of germ-
free mice, which subsequently leads to an enhanced morbidity in experimental 
models of allergic asthma and inflammatory bowel disease. Accumulation of 
invariant natural killer T cells in mucosal tissues and the development of 
pathologies could be prevented when germ-free animals were colonized with 
bacteria during neonatal life. Bacterial colonization did, however, not have a 
protective effect when colonization took place in adult life. It has been suggested 
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that the initial microbiota composition may be determinant for immune responses 
later in life, regardless of the adult microbiota (Maynard et al., 2012) and that the 
early life forms a critical window for immune development (Renz et al., 2012). 
Adequate microbial colonization early in life becomes even more important 
considering that the microbiota are not only important for gut and immune 
development, but also for the development of several other systems of the body, 
such as the respiratory, vascular, and endocrine system (Smith et al., 2007). 
In chickens that are not able to be colonized with maternal microbiota in 
commercial hatcheries, feed probably plays an important part in microbial 
colonization of the gastro-intestinal tract and antigens present in feed may also 
directly interact with the gut immune system. A dramatic increase in bacterial 
numbers in the chicken intestine can be observed after the first ingestion of feed 
(Shapiro and Sarles, 1949). As mentioned before, especially early hatchers face a 
long delay until first feed intake in commercial hatcheries and it is very likely that 
this delay in access to feed leads to differences in early life microbiota composition 
between early hatchers that face a long delay and late hatchers that are relatively 
early fed. Consequently this delay in feed intake may have detrimental effects on 
gut and immune development. The first days post hatch seem to be particularly 
important for the development of the small intestine, where immune maturation 
and education takes place, and in early fed chicks the most dramatic development 
occurs within the first 24 hours post hatch (Geyra et al., 2001). Delayed fed chicks 
on the other hand lag behind in mucosal and villus development and show a 
reduced intestinal surface area (Uni et al., 1998; Noy et al., 2001; Lamot et al., 
2014), a delayed appearance of germinal centers in the cecal tonsils, and a 
decreased weight of the bursa (Dibner et al., 1998; Bar-Shira et al., 2005). 
Antigenic stimulation of the bursa is important for B cell differentiation and 
therefore humoral immunity (Ekino et al., 1980; Ekino et al., 1985; Sonoda et al., 
2013; Ekino et al., 2015) and a delayed access to feed post hatch may entail a 
delayed colonization of the hindgut and bursa with B and T lymphocytes (Bar-
Shira et al., 2005). In accordance with these findings, delayed fed chicks show 
lower primary antibody responses to a model antigen in the first two weeks post 
hatch (Bar-Shira et al., 2005) and were reported to have a decreased response in the 
first three weeks post hatch to an orally administered coccidiosis vaccine which 
was used as a model for non-specific disease challenges (Dibner et al., 1998).  
Chapter 1 
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Taken together, microbial colonization in the neonatal period seems to be of 
great importance for (immune) development and disturbances in microbial 
colonization may have long-term consequences for immune reactivity and 
consequently host health. Early feeding studies performed in chickens so far 
focused on the first two to three weeks post hatch and it would be interesting to 
investigate the long-term effects of disturbances in microbial colonization on host 
immunity.  
 
 
Differences between breeds 
 
Apart from differences in early life microbial colonization, genetic differences 
between breeds may have an influence on immune responses and therefore 
selection for different production traits may have had consequences for immune 
responses in different chicken breeds. Examples that selection for a certain trait 
often affects other traits as well come from domestication experiments, in which 
selection for tameness also affected morphological traits such as body size, coat 
color, and ear shape, and physiological processes such as stress responsiveness and 
reproductive cycle (Trut et al., 2009). Over the last decades a strong selection for 
certain production traits has taken place in chickens (Figure 1). Broilers were 
selected for maximal meat production in a minimal amount of time and while a 
broiler in 1957 weighed on average 905 g at day 56, by 2005 its average weight 
had increased to an enormous 4202 g at day 56 (Zuidhof et al., 2014). Layers on 
the other hand were selected for maximal egg production and while a laying hen at 
the end of the 19th century produced between 80 and 85 eggs a year, the average 
egg production had increased to more than 300 eggs per year by 2014 (CBS, 2014).  
Various studies indicate that selection for a certain production trait has also 
affected immunity in chickens. Selection for increased bodyweight in broilers and 
turkeys or increased egg production in turkeys leads to a decrease in the relative 
weight of primary and secondary immune organs (Bayyari et al., 1997; Cheema et 
al., 2003), and a decrease in disease resistance in these birds (Yunis et al., 2000; 
Huff et al., 2005). It cannot be excluded that selection for increased egg production 
in layers has had effects on immune parameters similar to those observed in 
turkeys. Furthermore, selection for increased bodyweight in broilers and layers  
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10 d 14 d 
21 d 28 d 
35 d 42 d 
49 d 
Figure 1. Development of a broiler (on the left) and 
layer (on the right) chick during the first 7 weeks post 
hatch. Both chicks hatched on the same day. 
Photographs by Kristina Simon. 
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leads to a decrease in specific antibody responses (Miller et al., 1992; Qureshi and 
Havenstein, 1994; Cheema et al., 2003) and the period in which elevated antibody 
levels are maintained after an immunological challenge is shortened (Miller et al., 
1992). On the other hand cell-mediated and inflammatory responses were reported 
to be increased by selection for high bodyweight (Cheema et al., 2003), while other 
parts of the immune system, such as macrophage and NK cell functions seemed to 
be unaffected (Qureshi and Havenstein, 1994). Interestingly, immune responses 
seem to be more affected by selection for bodyweight than by selection for egg 
production, since disease resistance was decreased to a larger extent in birds 
selected for high bodyweight, which also showed less pronounced cutaneous 
hypersensitivity responses compared with birds selected for high egg production 
(Bayyari et al., 1997; Huff et al., 2005).  
Most studies investigate the consequences of selection for different production 
traits within one breed, but some researchers also investigated differences between 
broilers and layers. Leshchinsky and Klasing (2001) reported lower pro-
inflammatory cytokine mRNA expression levels in spleen cells of broilers 
compared with layers, which may indicate a difference in macrophage activity 
between breeds. Differences between breeds in cellular responses in a spleen cell 
proliferation assay depended on the mitogen used and the response was lower for 
LPS, but higher for concanavalin A and phytohemagglutinin in broilers compared 
with layers (Leshchinsky and Klasing, 2001). Koenen et al. (2002) reported a lack 
of specific cellular responses to trinitrophenyl-conjugated keyhole limpet 
hemocyanin and weaker non-specific cellular responses to concanavalin A in a 
spleen and peripheral blood lymphocyte proliferation assay in broilers compared 
with layers. With respect to the specific antibody response, broilers in that study 
showed higher IgM and lower IgY antibody responses compared with layers and 
maintained their elevated antibody levels for a shorter period of time than layers.  
Taken together, selection for specific production traits seems to have 
influenced immunity in chickens. Selection for production traits is ongoing, and so 
is probably the potentially unintentional selection for immunological traits and its 
consequences for host health.   
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Concluding remarks and outline of this thesis 
 
Taken together, adequate microbial colonization during the neonatal period is 
essential for immune development and although in recent years efforts have been 
made to provide immediate access to feed post hatch by either availability of feed 
in the hatching cabinet or by on-farm hatching systems, the majority of chicks still 
hatches in conventional hatching cabinets without access to feed or water. Delayed 
access to feed which leads to a delay in initial microbial colonization, and other 
factors that disturb microbiota composition early in life, such as antibiotic 
treatment or intestinal pathologies, may have far-reaching consequences for 
immune development, and consequently immune competence and disease 
resistance later in life. Additionally, selection for different production traits may 
have led to a (unintentional) co-selection of immunological traits, so that 
disturbance of early life microbial colonization may have a different effect on later 
life immunity in broilers than it does in layers.  
The research performed within the scope of this thesis therefore investigated 
different early life conditions and interventions that may affect immunity later in 
life by disturbing early life microbial colonization. In that respect differences 
between broilers and layers were taken into account. In a first study, the effect of 
immediate or delayed access to feed on ileal immune development in broilers and 
layers was investigated (chapter 2). For this purpose broiler and layer chicks either 
received immediate access to feed post hatch or with a 72 hour delay. Ileal samples 
from both breeds and treatment groups were obtained over time and relative ileal 
mRNA expression levels were determined for a selection of pro- and anti-
inflammatory cytokines as well as immunoglobulins in order to gain insight in the 
dynamics of ileal immune development in the two breeds.  
In a second study, the effects of early and delayed feeding on the specific 
antibody response later in life were investigated in broilers kept in different 
housing systems, since early feeding strategy might influence a bird’s sensitivity 
towards its environment (chapter 3). Again chicks either received immediate access 
to feed post hatch or with a 72 hour delay and chicks of both feeding strategies 
were either housed in a floor system containing wood shavings or in a cage system. 
At 4 weeks of age birds received a non-infectious lung challenge consisting of a 
combination of E. coli derived lipopolysaccharide (LPS) or human serum albumin 
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(HuSA). Control birds received phosphate buffered saline. The birds’ sickness 
response was assessed in the hours following administration of the challenge and 
specific antibody titers were determined over the course of two weeks.   
As antibiotic treatment influences the intestinal microbiota and may have 
long-term consequences on host immunity, in a third study one-day old layer 
chicks were administered broad spectrum antibiotics during the first week of life, 
followed by milder antibiotic treatment during the following two weeks (chapter 
4). Control birds did not receive any antibiotics. Fecal microbiota composition was 
determined during and after cessation of antibiotic treatment. At 15 weeks of age, 
i.e. 12 weeks after cessation of antibiotic treatment, all birds received a non-
infectious lung challenge consisting of a combination of LPS and HuSA and 
specific antibody titers were determined 10 days after administration of the 
LPS/HuSA challenge.  
In a final experiment, the effect of early life intestinal pathologies on ileal 
immune development and the specific antibody response later in life was 
investigated in early fed broilers and layers (chapter 5). Administration of dextran 
sulfate sodium (DSS), which is widely used in rodent models of inflammatory 
bowel disease, was adapted as a model for intestinal pathology in chickens. DSS 
was administered via drinking water to chicks of both breeds between day 11 and 
day 18 post hatch. Control birds received plain drinking water. At day 35 an 
LPS/HuSA challenge was administered intramuscularly to all chickens and specific 
antibody titers were determined over the course of two weeks.  
In the final chapter of this thesis (chapter 6), the findings of the studies 
described above will be integrated and implications of these results as well as 
perspectives for future research will be discussed.   
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ABSTRACT 
 
Provision of feed in the immediate post-hatch period may influence interaction 
between intestinal microbiota and immune system, and consequently 
immunological development of the chick. This study addressed ileal immune 
development in response to early feeding in 2 chicken breeds selected for different 
production traits: broilers and layers. Chicks of both breeds either received feed 
and water immediately post-hatch or were subjected to a 72-h feed and water delay. 
Ileal cytokine and immunoglobulin mRNA expression levels were determined at 
different time points. Effects of early feeding were limited, but breeds differed 
strikingly regarding cytokine and immunoglobulin expression levels. Cytokine 
expression levels in broilers were low compared with layers and showed a transient 
drop in the second to third week of life. In contrast, broilers showed considerably 
higher expression levels of IgA, IgM, and IgY. These findings indicate that the 2 
breeds use different immune strategies, at least on ileal level.  
 
Key words: chicken, ileum, cytokine, immunoglobulin, gene expression 
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INTRODUCTION 
 
Immediately after initial feed intake, the chicken intestine is rapidly colonized 
by high numbers of bacteria (Shapiro and Sarles, 1949), and availability of feed in 
the immediate post hatch (p.h.) period has been shown to accelerate intestinal 
development (Uni et al., 1998; Noy et al., 2001), manifested as enhanced surface 
area and cell proliferation. More recently, an interplay between diet, intestinal 
microbiota, and immune system has been assumed (Round and Mazmanian, 2009; 
Turnbaugh et al., 2009; Maslowski and Mackay, 2011), because diet influences 
intestinal microbiota composition (Turnbaugh et al., 2009; De Filippo et al., 2010), 
which in turn influences immune development (Wen et al., 2008; Clarke et al., 
2010). Therefore, the onset of provision of feed in the immediate p.h. period may 
also be important for immune development. The first provision of feed may be 
delayed for up to 72 h p.h. in modern husbandry because of differences in the time 
of hatch relative to removing all chicks from the incubator at d 21 and subsequent 
transport of chicks to the farm.  
In early feeding (EF) studies, the importance of provision of feed in the 
immediate p.h. has been assessed from an immunological point of view. In broilers, 
EF has been reported to result in an increased weight of the bursa and improved 
response to disease challenges when compared with chicks from which food was 
withheld (Dibner et al., 1998; Bar Shira et al., 2005). Moreover, EF results in a 
more rapid colonization of hindgut and bursa with T and B lymphocytes, as well as 
more pronounced primary antibody responses (Bar Shira et al., 2005). In layers, 
however, the effects of EF on intestinal immune development are unknown.  
Concerning immune development, the ileum is generally considered the site of 
immune activation. Ileal immune development has been assessed previously in 
broilers for the first 2 wk p.h. (Bar-Shira et al., 2003) and layers for the first 10 to 
12 wk p.h. (Jeurissen et al., 1989; Lammers et al., 2010), but effects of EF were not 
taken into account in these studies. In layers an up-regulation of pro- [IL-1, IL-
12p40, interferon (IFN)γ], and anti- [IL-10, transforming growth factor (TGF)ß] 
inflammatory cytokine expression levels between 2 and 6 wk p.h. was found 
(Lammers et al., 2010). Moreover, IgA expression levels reached their maximum 
when cytokine expression levels returned to basal levels between wk 7 and 10. It 
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was hypothesized that IgA plays a role in maintenance of intestinal homeostasis 
and that the period of cytokine upregulation is a prerequisite for IgA production. 
It can be questioned, however, whether those dynamics in immune 
development are also present in broilers. The aim of this study was therefore to 
extend the existing knowledge on ileal immune development in broilers as well as 
layers over a longer period of time in combination with 2 feeding strategies: early 
feeding (EF, immediately p.h.) or delayed feeding (DF, 72 h p.h.). Gaining insight 
in the processes of ileal immune development will help to define possible critical 
windows in immune development for both breeds. This knowledge may be useful 
for development of well-directed immune modulatory feeding strategies.   
 
 
MATERIALS AND METHODS 
 
Chickens and Housing 
In this study, 2 chicken breeds were used: fast-growing broilers (Ross 308, n = 
150) and layers (Lohman Brown, n = 210). Eggs from both breeds were obtained 
from 2 commercial hatcheries (Lagerwey Hatchery, Lunteren, the Netherlands, and 
Verbeek Hatchery, Zeewolde, the Netherlands) and were incubated at our 
department under standard incubation conditions applying to each breed. From 
embryonic d 19 onward, eggs were checked regularly for hatching. Dry chicks 
were removed from the incubator every 3 h, color coded, and randomly assigned to 
1 of 2 treatments: EF or DF. Chicks in the DF group had no access to feed and 
water during the first 72 h p.h. From 72 h p.h. onward, all chicks were given ad 
libitum access to feed and water. Feed for each breed consisted of its appropriate 
commercial starter diet containing a coccidiostat (salinomycin). Chicks were 
group-housed per breed in separate rooms in pens of 2 x 2 m containing wood 
shavings with a regimen of 16L:8D. At an age of 2 wk, all chicks received an 
obligatory Newcastle disease vaccination. There were 10 replicates per feeding 
treatment for each breed, and pen was considered the experimental unit.    
This study was approved by the Animal Welfare Committee of Wageningen 
University and Research Centre in accordance with Dutch laws and regulations on 
the execution of animal experiments.  
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Measurements and Sampling 
Chicks were weighed at hatch, d 3 and d 7, and from then onward once a 
week. 
Ileum midsections of 1 cm between Meckel’s diverticulum and ceco-iliac 
junction were collected at several time points. Time points were immediately p.h., 
and d 3, 6, 9, 14, 21, 35, and 42 p.h. for both breeds. Additional time points for 
layers were d 49, 70, and 140 p.h. Immediately p.h., 10 chicks were killed per 
breed. For all other time points 10 chicks were killed per breed and treatment. 
Tissue sections of 50 to 100 mg were stored overnight at 4°C in RNA later and 
subsequently stored at -80°C until use.  
Furthermore broiler ileum samples for immunohistochemistry were collected 
immediately p.h., and d 3, 6, 9, 14, 21, 35, and 42 p.h. Swiss rolls were made out of 
5-cm ileum samples situated adjacent to the midsection and were immediately 
fixed overnight in Carnoy’s fixative consisting of 60% methanol, 30% chloroform, 
and 10% glacial acetic acid. After embedding in paraffin, sections of 7 μm were cut 
and stained immunohistochemically for IgA.    
Blood was collected from each chicken before section for determination of 
IgM and IgY natural antibody (NAb) titers against keyhole limpet hemocyanin 
(KLH), because NAb are likely to contribute to the first line of defense against 
pathogens.  
Weights of spleen and bursa relative to BW were determined during sections 
on d 6, 9, 14, 21, 35, 42, 49, 70, and 140 (n=10/treatment/d), because development 
of lymphoid organ weight may be a first indicator of immune development. 
Because broilers are usually slaughtered at an age of 6 wk, the last section for those 
animals occurred on d 42. 
 
RNA Isolation & cDNA Synthesis 
Total RNA was extracted from midsections of ileum using TRIzol Reagent 
(catalog 15596-026, Life Technologies, Carlsbad, CA) according to the 
manufacturer’s recommendations. Concentrations of RNA were equaled by 
dilution in diethylpyrocarbonate-treated water after RNA concentration was 
measured by a spectrophotometer.  
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Prior to cDNA synthesis, DNAse treatment was applied (all chemicals originated 
from Invitrogen, Carlsbad, CA). One microliter of DNAse I (DNAse I 
amplification grade kit, also including DNAse I reaction buffer and 25 mM EDTA; 
catalog 18068-015) and 1 μL of 10x DNAseI reaction buffer was added to 500 ng 
of total RNA and incubated for 15 min at room temperature (RT) at a total volume 
of 12 μL. The DNAse I was inactivated by adding 1 μL 25 mM EDTA and 
incubation for 10 min at 65°C. After incubation, samples were quickly cooled 
down on ice.  
For cDNA synthesis, 300 ng of Random Hexamer primers and 1 μL of 10 mM 
dNTP (catalog 18427-013) was added to each sample and samples were incubated 
for 10 min at 70°C. After quickly cooling the samples on ice, 1 μL RNAse OUT 
(catalog 10777-019), 1 μL Superscript II (SuperScript II Reverse Transcriptase kit, 
also including First Strand Buffer and DL-dithiothreitol, catalog 18064-014), 4 μL 
5x First Strand Buffer, and 2 μL DL-dithiothreitol was added to each sample. 
Samples were then first incubated for 50 min at 37°C, followed by 10 min at 70°C. 
Samples were quickly cooled down on ice and stored at -20°C until use.  
 
Real-Time Quantitative PCR  
Real-time quantitative PCR was performed to obtain relative mRNA 
expression levels of pro-inflammatory cytokines IL-12p40, IL-1β, and IFN-γ, and 
anti-inflammatory cytokines IL-10 and TGF-β, as well as IgM, IgY, and IgA. The 
reference gene used was 28S. Primer sequences are listed in  
 1. Samples of cDNA were diluted 1:5,000 for 28S and 1:50 for the genes of 
interest. Primers were checked for amplification efficiency, which was between 1.9 
and 2.1 for all primers. An end volume of 25 μL per well was reached by adding 5 
μL of cDNA, 12.5 μL of SYBR Green PCR Mastermix (catalog 4309155, Applied 
Biosystems, Warrington, UK), 1.25 μL each of 10 μM forward and reverse primer, 
and 5 μL of demineralized water to each well.  
Real-time quantitative PCR was performed on an Applied Biosystems 7500 
Real Time PCR system. The real-time quantitative PCR protocol consisted of 10 
min at 95°C, 40 cycles of 15 s at 94°C, 30 s at 59°C, 36 s at 72°C, 15 s at 95°C, 
and 1 min at 59°C. Melting curves were obtained after each run by detection of 
fluorescence at 1°C intervals from 60 to 90°C.   
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Relative expression ratios of target genes were calculated according to the 
method described by Pfaffl (2001), accounting for an internal control (28S) as well 
as an external calibrator (d 0 as untreated control). 
Onset of immunoglobulin and cytokine expression levels was defined as the 
time point at which the respective expression levels exceeded those of d 0 
significantly, and this time point was regarded as a sign of the start of immune 
maturation. Dynamics in expression levels are described in a descriptive way.  
 
Immunohistochemistry   
For immunohistochemical staining for IgA, sections were deparaffinized, 
rehydrated, and endogenous peroxidase was quenched with methanol containing 
0.5% hydrogen peroxide. After washing with PBS containing 0.1% Triton X-100 
(PBS-t) sections were incubated with 10% normal horse serum to diminish 
Gene  Accession number Primer sequence1 (5’ → 3’) 
28S DQ018756 F: GGC-GAA-GCC-AGA-GGA-AAC-T 
R: GAC-GAC-CGA-TTT-GCA-CGT-C 
Il-1β AJ245728 F: CAG-CAG-CCT-CAG-CGA-AGA-G 
R: CTG-TGG-TGT-GCT-CAG-AAT-CCA 
Il-10 AJ621614 F: CGC-TGT-CAC-CGC-TTC-TTC-A 
R: TCC-CGT-TCT-CAT-CCA-TCT-TCT-C 
IL-12p40 NM_213571.1 F: GAC-CCA-CGA-GAT-TAT-CAG-CTA-CAG-T 
R: TGC-TTG-GCT-CTT-TAT-AGC-TTT-TCA 
INF-γ Y07922 F: GTG-AAG-AAG-GTG-AAA-GAT-ATC-ATG-GA 
R: GCT-TTG-CGC-TGG-ATT-CTC-A 
TGF-β M31160 F: ACC-TCG-ACA-CCG-ACT-ACT-GCT-T 
R: ATC-CTT-GCG-GAA-GTC-GAT-GT 
IgM X01613.1 F: GCA-TCA-GCG-TCA-CCG-AAA-GC 
R: TCC-GCA-CTC-CAT-CCT-CTT-GC 
IgY X07174.1 F: ATC-ACG-TCA-AGG-GAT-GCC-CG 
R: ACC-AGG-CAC-CTC-AGT-TTG-G 
IgA S40610 F: GTC-ACC-GTC-ACC-TGG-ACT-ACA 
R: ACC-GAT-GGT-CTC-CTT-CAC-ATC 
 
Table 1. Primer sequences 
1F = forward; R = reverse 
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background and unspecific staining. Goat-anti-chicken IgA (catalog A30-103A, 
Bethyl Laboratories Inc., Montgomery, TX) was added in a dilution of 1:2,000. 
After washing with PBS-t rabbit-anti-goat IgG (catalog A50-100P, Bethyl 
Laboratories Inc.) was added in a dilution of 1:500. After washing in PBS sections 
were incubated in a Na-acetate buffer solution and subsequently stained with 
amino-ethyl-carbazole. After washing with distilled water sections were 
counterstained with hematoxylin and mounted using Aquamount.  
 Controls consisted of 3 sections per bird, which were treated as described 
above, but to which no goat-anti-chicken IgA was added. No staining was observed 
for any of these control sections. 
Stainings for IgA were in the first instance performed on a limited number of 
samples from both breeds to get a first impression on possible effects of EF on 
IgA+ cell numbers. From those limited samples, it seemed that there might be an 
effect of EF on IgA+ cell numbers in broilers, but not in layers. It was then decided 
to focus more extensively on broilers with regard to IgA+ cells.    
 
ELISA Procedure 
Total NAb titers against KLH were determined by ELISA. Briefly, 96 wells 
plates were coated with 100 μL of 0.1 M carbonate buffer (pH 9.6) containing 4 
μL/mL of KLH. All washing steps were conducted with tap water containing 
0.05% Tween. After washing, plates were incubated for 90 min at RT with serial 4-
step double dilutions of serum in PBS containing 0.05% Tween and 0.5% normal 
horse serum. After washing, plates were incubated for 90 min at RT with goat-anti-
chicken IgYFc (catalog A30-104P, Bethyl Laboratories Inc.; dilution 1:40,000) or 
Goat-anti-chicken IgM (catalog A30-102P, Bethyl Laboratories Inc.; dilution 
1:20,000) in PBS containing 0.05% Tween and 0.5% normal horse serum. After 
washing, plates were incubated with tetramethylbenzidine at RT and after 10 min 
the reaction was stopped with 1.25% H2SO4. Extinctions were measured with a 
Thermo Scientific Multiskan GO microplate spectrophotometer at a wavelength of 
450 nm. Differences of NAb titers between treatment groups over time were 
determined and titers were not related to titers of d 0.  
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Statistical Analysis 
Relative expression levels of the genes of interest were analyzed for 
significant differences between treatments and tissue sampling time points using 
PROC MIXED in SAS 9.2 (SAS Institute Inc., Cary, NC). Normality was checked 
on the residuals. A natural log-transformation was performed on the data in order 
to approximate a normal distribution.  
Because broilers and layers were kept in 2 different rooms, breed was 
confounded with room and therefore breeds were analyzed separately. For this 
reason, differences between broilers and layers will be discussed in a descriptive 
way. Expression of 28S was not influenced by breed or treatment, making a 
descriptive comparison regarding gene expression possible between breeds.  
The statistical model applied to the data was as follows: 
 
Yijk = μ + Treati + Timej + (Treat x Time)ij + εijk, 
 
where Yijk represents the ijkth relative expression of IL-1β, IL-10, IL-12p40, IFN-γ, 
TGF-β, IgA, IgM, IgY, number of IgA+ cells, IgM and IgY antibody titers against 
KLH, spleen weight, or bursa weight. The mean is represented by μ. Treati 
represents the fixed class effect of treatment administered to birds (i = EF, DF). 
Timej represents the fixed class effect of time points on which tissue sampling 
occurred (j = 0, 3, 6, ...., 42 for broilers and 0, 3, 6, ..., 140 for layers). Interaction 
between treatments and time points is represented by the fixed class effect (Treat x 
Time)ij and is used to determine significant differences between treatments per 
tissue sampling time point. The random residual term from a normal distribution is 
represented by εijk. Effects of treatment on BW were calculated per d.  
Results are displayed as means along with the SE. Differences are considered 
as significant where P ≤ 0.05. 
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RESULTS 
BW  
Body weight of EF chicks was higher from d 3 through d 35 in both breeds (P 
< 0.05; Figure 1). On d 42, DF chicks seemed to have caught up on BW because 
significant differences with EF chicks were no longer present. For layers, similar 
BW between feeding treatments were found until the end of the experimental 
period on d 140 (data not shown).  
 
Relative Spleen and Bursa Weight 
In broilers, relative spleen and bursa weight were not influenced by EF. Both 
lymphoid organs gradually increased in weight over time (P < 0.01; Figure 2A and 
2C). 
In layers, relative spleen weight was generally higher in EF chicks (0.174% ± 
0.009) compared with DF chicks (0.167% ± 0.009, P = 0.03). It seems that this 
effect was mainly caused by generally higher spleen weights in the EF group until 
d 49 (Figure 2B). Relative bursa weight was not affected by treatment (Figure 2D). 
Both relative spleen and bursa weight increased in time (P < 0.01). Relative spleen 
weight increased until d 70 and showed a decrease on d 140. After a continuous 
increase, bursa weight started to decrease from d 49 onward and showed a severe 
drop on d 140. 
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Figure 1. Body weight of broilers and layers during the first 42 d post hatch. Treatments were early 
feeding (EF) and delayed feeding (DF). Data are displayed as means and corresponding SE. 
Significant differences (P < 0.05) between treatments within a time point are indicated with a plus.  
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Systemic Natural Immunoglobulin Levels 
For both broilers and layers, IgY antibody levels against KLH showed an 
increase on d 3 p.h., after which levels decreased to a minimal level on d 21 
(Figure 3A). Thereafter, an increase in IgY levels was observed on d 35, which was 
clearly more pronounced in layers (difference of 2 titer units between layers and 
broilers; Figure 3B), but levels were similar again on d 42. Levels of IgY continued 
to increase after d 35. In broilers only time affected IgY levels (P < 0.01), whereas  
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Figure 2. Relative spleen and bursa weight. Treatments were early feeding (EF) and delayed feeding 
(DF). A: Relative spleen weight of broilers, B: Relative spleen weight of layers, C: Relative bursa 
weight of broilers, D: Relative bursa weight of layers. Data are displayed as means and 
corresponding SE. 
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in layers a time x treatment interaction (P = 0.05) was observed. In layers, IgY 
levels in DF chicks (titer 7.1 ± 0.3) were higher on d 3 compared with EF chicks 
(titer 5.8 ± 0.3, P < 0.01), whereas on d 14 DF chicks had lower (titer 1.5 ± 0.1) 
levels of IgY compared with EF chicks (titer 2.5 ± 0.4, P = 0.05). 
Levels of IgM started to increase in EF broiler chicks from d 9 and in DF 
chicks from d 14 onward. Thereafter, a continuous increase in IgM levels was 
observed for both treatments (Figure 3C). A time x treatment interaction (P = 0.01) 
was observed for broilers caused by higher IgM levels in DF chicks on d 14 (titer 2 
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Figure 3. Titers of IgY and IgM against keyhole limpet hemocyanin (KLH) of broilers (A and C) 
and layers (B and D). Treatments were early feeding (EF) and delayed feeding (DF). Data are 
displayed as means and corresponding SE. Significant differences (P < 0.05) between treatment 
groups within one time point are indicated with a plus. 
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± 0.1) compared with EF chicks (titer 1.4 ± 0.1, P = 0.02), whereas DF chicks 
showed lower levels on d 42 (titer 5 ± 0.2) compared with EF chicks (titer 5.7 ± 
0.4, P < 0.01). For layers, IgM antibody levels against KLH remained low through 
d 14 p.h. On d 21, IgM levels strongly increased until d 35. After that, IgM levels 
plateaued until another sharp increase in levels on d 140 (Figure 3D). In layers, 
IgM levels were only affected by time (P < 0.01). 
 
Ileal Immunoglobulin Expression Levels & IgA+ Cells  
Relative immunoglobulin mRNA expression levels of all measured time 
points were compared with expression levels of d 0. Immunoglobulin expression 
levels showed similar kinetics in both breeds, but were remarkably higher in 
broilers. Expression levels of IgM were up to 16 times higher (d 42), IgY 
expression levels up to 26 times higher (d 42), and IgA expression levels up to 28 
times higher (d35) in broilers. 
Relative IgM, IgY, and IgA expression levels strongly increased on d 21 in 
both breeds (Figure 4A through 4F). The IgM levels in broilers dropped again 
slightly on d 35 and 42, whereas IgY and IgA showed a continuous increase after d 
21. The IgM levels in layers dropped on d 42, after which levels remained lower 
compared with d 21 and 35 throughout the rest of the experimental period. After 
the increase on d 21 IgY and IgA levels in layers showed a continuous rise, 
disrupted by a slight transient drop in levels on d 49.  
The IgM expression levels in broilers were influenced by both time (P < 0.01) 
and treatment (P = 0.03). Over the whole experimental period, EF chicks had 
higher IgM expression levels compared with DF chicks and IgM expression levels 
exceeded those of d 0 from d 3 onward. 
For IgM expression levels in layers, a time x treatment interaction (P < 0.01) 
was found. The EF and DF chicks differed within one time point on d 3, on which 
IgM expression levels were 4 times lower in EF chicks. The IgM expression levels 
of EF chicks showed a significant drop on d 3 compared with d 0. The IgM 
expression levels of both EF and DF chicks exceeded those of d 0 from d 6 
onward. 
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Figure 4. Real-time quantitative PCR results of immunoglobulin mRNA expression levels in mid-
sections of ileum in broiler (A through C) and layer (D through F) chickens. Expression levels are 
displayed as means and corresponding SE. Treatments were early feeding (EF) and delayed feeding 
(DF). Significant differences (P < 0.05) between treatments within each d and between d 0 and 
following ds are indicated with a symbol above bars. Symbols indicate the following significant 
differences: # significant difference between the EF and DF group within a time point; † significant 
difference from d 0 for the EF group; ‡ significant difference from d 0 for the DF group; * 
significant difference from d 0 for the EF and DF group combined as a total (main effect of d). 
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For IgY expression levels, a time effect was found in both broilers (P < 0.01) 
and layers (P < 0.01). In both breeds, overall IgY expression levels exceeded those 
of d 0 from d 6 onward. 
The IgA expression levels in broilers were influenced by time (P < 0.01) and 
treatment (P = 0.03). Over the whole experimental, period EF chicks had higher 
IgA expression levels compared with DF chicks. This overall treatment effect was 
mainly caused by higher IgA levels in the EF group on d 6 through 14. The IgA 
expression levels exceeded those of d 0 from d 6 onward.  
The IgA+ cells in broilers were visible for the first time on d 9, and like IgA 
expression levels, showed a dramatic increase on d 21 and continued to increase 
through d 35 (Figure 5C). The number of IgA+ cells was influenced by time (P < 
0.01). Although the first cells were visible on d 9, numbers of IgA+ cells did not 
differ from d 0 (Figure 5A) until the dramatic increase in cells on d 21 (Figure 5B). 
Unlike for IgA expression levels, EF did not have an effect on the number of IgA+ 
cells.  
For IgA expression in layers, a time x treatment interaction (P = 0.01) was 
found. The EF and DF chicks differed within one time point on d 6 and 9. On d 6, 
DF chicks showed higher IgA expression levels compared with EF chicks, whereas 
the opposite was true for d 9. The IgA expression levels of EF chicks exceeded 
those of d 0 from d 9 onward, whereas IgA expression levels of DF chicks 
exceeded those of d 0 from d 14 onward.  
 
Ileal Cytokine Expression Levels  
Relative cytokine expression levels of all measured time points were 
compared to expression levels of d 0. No effect of EF or DF was observed for any 
of the cytokines in both breeds. Cytokine expression levels differed between breeds 
regarding their kinetics and were remarkably lower in broilers. Expression levels 
were up to 17 times (d 9) lower for IL-12p40 in broilers, up to 13 times (d 9) lower 
for IL-1β, up to 39 times (d 14) lower for IFN-γ, up to 49 times (d 14) lower for IL-
10, and up to 3 times (d 14) lower for TGF-β. 
In both broilers and layers, IL-12p40 (Figure 6A and 6F) was present from the 
beginning and did not show a clear pattern over the experimental period, but was 
characterized by several ups and downs in expression levels. For both breeds, a 
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time effect was observed for IL-12p40 expression levels (P < 0.01). With the 
exception of a transient drop on d 9, broilers maintained basal IL-12p40 expression 
levels throughout the whole experimental period. Layers showed an elevation of 
IL-12p40 expression levels on d 14 and 21 after which levels dropped to basal 
levels and increased again on d 49. This was followed by another transient drop to 
basal levels on d 70.  
For IL-1β (Figure 6B and 6G), both breeds showed an increase in expression 
levels on d 6, which was most obvious in the DF group. Thereafter, broilers 
showed a transient decrease until levels started to increase slowly from d 21 
onward. In layers, a transient decrease was observed only for d 9, after which 
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Figure 5. Ileal IgA+ cells in broilers. A: Ileal IgA+ cells on d 0. B and C: Ileal IgA+ cells 
on d 21. D: Number of IgA+ cells per villus. Treatments were early feeding (EF) and 
delayed feeding (DF). Data are displayed as means and corresponding SE. Significant 
differences with d 0 (P < 0.05) are indicated with an asterisk. 
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levels increased sharply on d 14 and remained on a more or less similar level 
throughout the rest of the experimental period. A time effect on IL-1β expression 
levels was found for both breeds (P < 0.01). In broilers, IL-1β expression levels 
exceeded those of d 0 from d 6 onward, in layers from d 3 onward.  
For IFN-γ expression levels, a steady increase from d 21 onward was observed 
in boilers (Figure 6C). In layers (Figure 6H), a steep increase in IFN-γ expression 
levels was observed on d 35 after which levels seemed to decrease again slightly 
until d 70. Thereafter, an increase in IFN-γ expression levels was observed again 
on d 140. For both breeds, a time effect was observed for IFN-γ expression levels 
(P < 0.01). In broilers, IFN-γ expression levels exceeded those of d 0 on d 6 and 9 
for the first time after which they dropped again to basal levels on d 14. Another 
increase was observed from d 21 onward. In layers, IFN-γ expression levels 
exceeded those of d 0 from d 6 onward and remained above basal levels throughout 
the rest of the experimental period.  
Generally speaking, IL-10 (Figure 6D) as well as TGF-β (Figure 6E) 
expression levels showed a steady increase from d 21 onward in broilers. A time 
effect was found for both cytokines (P < 0.01). The IL-10 as well as TGF-β 
expression levels showed a decrease on d 3, after which a return to basal levels was 
observed with the exception of a transient increase in levels on d 6 for TGF-β. A 
major increase in levels was observed from d 21 onward for TGF-β, which was 
also observed in IL-10 from d 35 onward.   
In layers, IL-10 expression levels (Figure 6I) generally showed a steady 
increase from d 9 onward with a transient drop in levels on d 21. After d 35, IL-10 
expression levels decreased again and remained at lower levels for the rest of the 
experimental period. For TGF-β (Figure 6J), a steady increase was observed until d 
70 after which expression levels seemed to decrease on d 140. A time effect was 
observed for both cytokines (P < 0.01). The IL-10 expression levels exceeded those 
of d 0 from d 9 onward, whereas TGF-β expression levels exceeded those of d 0 
already from d 6 onward. 
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Figure 6. Real-time quantitative PCR results of cytokine mRNA expression levels in mid-sections 
of ileum in broiler (A through E) and layer (F through J) chickens. Expression levels are displayed 
as means and corresponding SE. Treatments were early feeding (EF) and delayed feeding (DF). 
Significant differences (P < 0.05) between d 0 and following days are indicated with an asterisk. 
IFN = interferon; TGF = transforming growth factor. (continued on the next page) 
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DISCUSSION 
 
This study investigated effects of EF on development of systemic NAb, and 
ileal immunoglobulin and cytokine expression in broilers and layers during the 
entire period of immune development. Effects of EF on spleen and bursa weight as 
well as BW were also taken into account. 
According to expectations, EF clearly affected BW in broilers as well as 
layers. Broilers and layers that had immediate access to feed p.h. showed higher 
BW between d 3 and d 35 p.h. This result is in accordance with other studies, in 
which EF broilers showed increased growth compared with those subjected to a 
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delayed access to feed p.h. or feed restriction in early life (Palo et al., 1995; Noy 
and Sklan, 1999; Gonzales et al., 2003; Careghi et al., 2005). Early feeding has 
been shown to lead to an increase in intestinal surface area (Uni et al., 1998; Noy et 
al., 2001) and an increase in activity of digestive enzymes (Corless and Sell, 1999) 
and may therefore lead to an improved uptake of nutrients leading to faster growth. 
On d 42, DF chicks of both breeds seemed to have caught up in weight, and no 
differences between DF and EF chicks were observed from that day onward.  
Immune maturation was expected to be influenced by EF because EF probably 
stimulates microbial colonization of the intestine and microbial colonization may in 
turn affect immune development. Multiple studies in humans and other animal 
species have shown that diet influences microbiota composition (Collins and 
Gibson, 1999; Penders et al., 2006; Turnbaugh et al., 2009) and that microbiota 
composition may influence immune development by for example inducing Treg 
responses (Geuking et al., 2011) and class switching in B cells (He et al., 2007). In 
line with these studies, an increase in bacterial numbers can be observed 
immediately after the first intake of feed in chickens (Shapiro and Sarles, 1949) 
and a more rapid morphological intestinal development can be observed when food 
is available in the immediate p.h. period (Uni et al., 1998; Noy et al., 2001). Early 
feeding studies in broilers seem to be in line with the idea that diet can have some 
influence on parts of the immune system via influencing the intestinal microbiota 
composition. Early feeding led to an increased weight of the bursa (Dibner et al., 
1998; Bar Shira et al., 2005) as well as a more rapid colonization of the hindgut 
and bursa with T and B lymphocytes (Bar Shira et al., 2005). Furthermore, more 
pronounced primary antibody responses were observed in EF chicks (Bar Shira et 
al., 2005). Lymphoid organs were therefore expected to be heavier in EF chicks as 
a first indicator of enhanced immune development. Effects of EF on lymphoid 
organ weights were, however, not as pronounced as in other studies. In fact, EF 
generally enhanced relative spleen weight in layers only. When analyzing organ 
weights per time point, however, EF layers did show significantly higher relative 
bursa weights on d 6 and 9. This was not found for broilers.  
Because NAb, which are present without prior exposure to the respective 
antigen (Avrameas, 1991), form an important part in the first line of defense 
(Ochsenbein and Zinkernagel, 2000), NAb titers against KLH were also taken 
account in this study. Natural antibody production in chickens has been shown to 
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be enhanced by probiotics administered on the d of hatch (Haghighi et al., 2006), 
indicating that NAb levels may be influenced by microbiota composition and 
presence of dietary antigens. Early feeding might therefore enhance NAb levels 
against KLH, but effects of EF were not pronounced and inconsistent in the present 
study. Both IgM and IgY NAb levels against KLH were, with exception of IgY 
levels on d 35, similar in both breeds. The fact that IgY in layers is 2 titre units 
higher at d 35 may indicate that development of systemic IgY levels is faster in 
layers than in broilers.    
Regarding relative immunoglobulin expression levels in the ileum, EF did 
have some effects in the present study. Early feeding led to generally higher IgM as 
well as IgA expression levels in broilers throughout the whole experimental period. 
In contrast to IgA expression levels, numbers of IgA+ cells in broilers were not 
affected by EF, which could suggest that in the intestine EF stimulates activity of 
immune-related genes, but not proliferation of immune cells. It should also be 
taken into account, however, that gene activation does not necessarily result in 
production of its protein. In layers, EF led to an earlier onset of IgA expression. 
Onset of IgA expression occurred 5 d earlier in EF chicks (d 9) compared with DF 
chicks (d 14). These results could suggest that antigenic stimulation via feed intake 
contributes to B cell development and isotype-switching as has also been suggested 
by studies with germ-free animals. Studies with germ-free animals indicate that B 
cell differentiation and isotype-switching from IgM to IgA depend on intestinal 
microbiota (Beneviste et al., 1971; Moreau et al., 1978; He et al., 2007; Liu and 
Rhoads, 2013). Intestinal microbiota composition, however, needs to be of a 
certain complexity as shown in the study of Moreau et al. (1978) with germ-free 
and gnotobiotic mice. While certain gram-negative strains were found to increase 
duodenal IgA+ cells, others did not. When combining several, individually not 
stimulatory strains, however, an increase in IgA+ cells was observed. This 
necessity of a certain complexity in microbiota composition for an isotype-switch 
to IgA may have been the reason why onset of IgA expression slightly lagged 
behind DF layer chicks, in which microbial succession may have been delayed due 
to a delay in feed intake. Future studies should investigate whether EF indeed 
increases microbial diversity.  
Furthermore, EF had only limited effects on ileal immune maturation in the 
present study. Early feeding did not affect onset of cytokine expression or cytokine 
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expression levels. Apart from that, the onset of IgM and IgY expression were not 
affected by EF either, and EF also had no effects on IgY expression levels. These 
results are in line with a study from Bar Shira et al. (2005), who found that EF had 
only limited effects on antibody and cytokine expression in the foregut, whereas 
EF did have effects on antibody and cytokine expression in the hindgut.  
It should be realized that the observations in the present study were made in 
healthy, nonchallenged chicks. Long-term effects of feeding strategy on (mucosal) 
immune system and metabolism may manifest itself more clearly in stressed or 
challenged animals.    
Of special interest is the clear difference between broilers and layers regarding 
immunological development in the ileum. Whereas generally speaking broilers in 
this study showed a decrease in cytokine expression levels between 2 and 3 wk 
p.h., layers generally showed an increase in cytokine expression levels in the 
period between 2 and 6 to 7 wk p.h. Upregulation of cytokine expression levels 
during the 2 to 6 wk p.h. period has been observed earlier in layers (Lammers et al., 
2010). It was suggested that this highly dynamic period is necessary for activation 
of the local adaptive immune system and in particular production of IgA, which is 
regarded the principal component of mucosal immunity. Lammers et al. (2010) 
have suggested a role of IL-10, TGF-β, and IFN-γ in class switching of B cells 
towards IgA production in chickens and have furthermore indicated that class 
switching might be, at least partly, T cell-dependent in layers. The downside of T 
cell-dependent production of IgA is its relatively time-consuming process, which 
can be a disadvantage in the intestinal environment, which is abundant in 
commensal bacteria, possible pathogens, as well as antigens derived from feed 
(Cerutti, 2008). Therefore, a second, T cell-independent pathway exists, which is 
able to induce IgA class switching in a fast way in the lamina propria (Cerutti, 
2008). The IgA produced in a T cell-independent manner consists of unspecific, 
low affinity IgA, which is able to neutralize antigens by being able to bind a wide 
range of epitopes and in doing so prevents translocation of commensal bacteria 
(Fagarasan and Honjo, 2000). The fact that broilers in the present study had 28 
times higher relative mRNA expression of IgA than layers without a clear 
upregulation of any of the above mentioned cytokines, including TGF- β, might 
suggest that intestinal IgA class switching is mainly T cell-independent in broilers. 
In that case, the complete IgA repertoire in broilers may have characteristics of 
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NAb and have a polyspecific nature. For future studies, it might be interesting to 
investigate factors involved in T cell-dependent class switching, such as CD40L, 
and T cell-independent class switching, such as B cell activating factor BAFF, in 
both breeds.  
A possible reason for a lower expression of cytokines and a higher expression 
of immunoglobulins might be that energetic costs for antibody responses are lower 
(Van Eerden et al., 2004; Korver, 2012) compared with acute phase responses 
characterized by a massive release of cytokines (Husband, 1995). It might therefore 
be possible that this relatively costly part of the immune system has been sacrificed 
in broilers by selection for optimal growth and that broilers at the same time make 
up for this deficit by higher production of relatively cost-efficient 
immunoglobulins, which can neutralize a wide array of pathogens. Another 
possibility might be an unintentional selection for high mucosal immunoglobulin 
levels, which prevent absorption of antigens (Woof and Mestecky, 2005) and 
therefore prevent the stimulation of immune cells.  
There were also similarities observed between broilers and layers. Both breeds 
behaved in a similar way regarding onset of immunoglobulin expression levels. 
Immunoglobulin expression levels were close to zero at hatch, but started to 
increase within the first 2 wk p.h. In both breeds, IgM and IgY expression levels 
exceeded those of d 0 within the first week. For IgA this was also true for broilers, 
but not for layers. Layers showed an increase in IgA expression levels above those 
of d 0 within the second week p.h. Although immunoglobulin expression levels 
started to increase quite early, a more dramatic increase in all immunoglobulin 
levels was observed on d 21 in both breeds.   
In conclusion, this study shows that EF does not seem to have a clear effect on 
ileal immune maturation, but it also demonstrates that broilers and layers differ 
considerably in their immune development on ileal level. Broilers show up to 28 
times higher immunoglobulin and up to 49 times lower cytokine expression levels 
compared with layers. Regarding cytokine expression the 2 breeds also differ in 
their kinetics. These differences in immunological traits may have been caused by 
genetic selection for different production traits in the 2 breeds and suggest that 
these 2 extreme breeds use different immune strategies to remain healthy. 
Furthermore, the results of the present study could suggest that for the purpose of 
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dietary immune modulation in order to improve disease resistance, the 2 chicken 
types require different feed additives with a different mode of action.  
 
 
ACKNOWLEDGEMENTS 
 
This project is supported by the European Regional Development Fund and 
the province of Gelderland. The authors would like to express their gratitude to 
Joop Arts (Wageningen University) for assistance with the PCR analysis and 
Corine Walvoort (Wageningen University) for immunohistochemical work. 
Ileal Immune Development in Chickens 
53 
 
 
 
 
 
 
 
 
 
2 
REFERENCES 
 
Avrameas, S. 1991. Natural autoantibodies: from 'horror autotoxicus' to 'gnothi seauton'. 
Immunol. Tod 12:154-159.  
Bar-Shira, E., D. Sklan, and A. Friedman. 2003. Establishment of immune competence in 
the avian GALT during the immediate post-hatch period. Dev. Comp. Immunol. 
27:147-157.  
Bar Shira, E., D. Sklan, and A. Friedman. 2005. Impaired immune responses in broiler 
hatchling hindgut following delayed access to feed. Vet. Immunol. Immunopathol. 
105:33-45.  
Beneviste, J., G. Lespinats, C. Adam, and J.-C. Salomon. 1971. Immunoglobulins in Intact, 
Immunized, and Contaminated Axenic Mice: Study of Serum IgA. J. Immunol. 
107:1647-1655.  
Careghi, C., K. Tona, O. Onagbesan, J. Buyse, E. Decuypere, and V. Bruggeman. 2005. 
The effects of the spread of hatch and interaction with delayed feed access after 
hatch on broiler performance until seven ds of age. Poult. Sci. 84:1314-1320.  
Cerutti, A. 2008. The regulation of IgA class switching. Nat. Rev. Immunol. 8:421-434.  
Clarke, T. B., K. M. Davis, E. S. Lysenko, A. Y. Zhou, Y. Yu, and J. N. Weiser. 2010. 
Recognition of peptidoglycan from the microbiota by Nod1 enhances systemic 
innate immunity. Nat. Med. 16:228-231.  
Collins, M. D., and G. R. Gibson. 1999. Probiotics, prebiotics, and synbiotics: approaches 
for modulating the microbial ecology of the gut. Am. J. Clin. Nutr. 69:1052s-1057s.  
Corless, A. B., and J. L. Sell. 1999. The effects of delayed access to feed and water on the 
physical and functional development on the digestive system of young turkeys. 
Poult. Sci. 78:1158-1169.  
De Filippo, C., D. Cavalieri, M. Di Paola, M. Ramazzotti, J. B. Poullet, S. Massart, S. 
Collini, G. Pieraccini, and P. Lionetti. 2010. Impact of diet in shaping gut microbiota 
revealed by a comparative study in children from Europe and rural Africa. Proc. 
Natl. Acad. Sci. U.S.A. 107:14691-14696.  
Dibner, J. J., C. D. Knight, M. L. Kitchell, C. A. Atwell, A. C. Downs, and F. J. Ivey. 1998. 
Early feeding and development of the immune system in neonatal poultry. J Appl 
Poult Res 7:425-436.  
Fagarasan, S., and T. Honjo. 2000. T-independent immune response: new aspects of B cell 
biology. Science 290:89-92.  
Geuking, M. B., J. Cahenzli, M. A. E. Lawson, D. C. K. Ng, E. Slack, S. Hapfelmeier, K. 
D. McCoy, and A. J. Macpherson. 2011. Intestinal bacterial colonization induces 
mutualistic regulatory T cell responses. Immunity 34:794-806.  
Chapter 2 
54 
Gonzales, E., N. Kondo, É. S. P. B. Saldanha, M. M. Loddy, C. Careghi, and E. Decuypere. 
2003. Performance and physiological parameters of broiler chickens subjected to 
fasting on the neonatal period. Poult. Sci. 82:1250-1256.  
Haghighi, H. R., J. Gong, C. L. Gyles, M. A. Hayes, H. Zhou, B. Sanei, J. R. Chambers, 
and S. Sharif. 2006. Probiotics stimulate production of natural antibodies in 
chickens. Clin. Vaccine Immunol. 13:975-980.  
He, B., W. Xu, P. A. Santini, A. D. Polydorides, A. Chiu, J. Estrella, M. Shan, A. 
Chadburn, V. Villanacci, A. Plebani, D. M. Knowles, M. Rescigno, and A. Cerutti. 
2007. Intestinal Bacteria Trigger T Cell-Independent Immunoglobulin A2 Class 
Switching by Inducing Epithelial-Cell Secretion of the Cytokine APRIL. Immunity 
26:812-826.  
Husband, A. J. 1995. The immune system and integrated homeostasis. Immunol. Cell Biol. 
73:377-382.  
Jeurissen, S. H. M., E. M. Janse, G. Koch, and G. F. De Boer. 1989. Postnatal development 
of mucosa-associated lymphoid tissues in chickens. Cell Tissue Res. 258:119-124.  
Korver, D. R. 2012. Implications of changing immune function through nutrition in poultry. 
Anim. Feed Sci. Technol. 173:54-64.  
Lammers, A., W. H. Wieland, L. Kruijt, A. Jansma, T. Straetemans, A. Schots, G. den 
Hartog, and H. K. Parmentier. 2010. Successive immunoglobulin and cytokine 
expression in the small intestine of juvenile chicken. Dev. Comp. Immunol. 
34:1254-1262.  
Liu, Y., and J. Rhoads. 2013. Communication between B-Cells and Microbiota for the 
Maintenance of Intestinal Homeostasis. Antibodies 2:535-553.  
Maslowski, K. M., and C. R. Mackay. 2011. Diet, gut microbiota and immune responses. 
Nat. Immunol. 12:5-9.  
Moreau, M. C., R. Ducluzeau, D. Guy-Grand, and M. C. Muller. 1978. Increase in the 
Population of Duodenal Immunoglobulin A Plasmocytes in Axenic Mice Associated 
with Different Living or Dead Bacterial Strains of Intestinal Origin. Infect. Immun. 
21:532-539.  
Noy, Y., A. Geyra, and D. Sklan. 2001. The effect of early feeding on growth and small 
intestinal development in the posthatch poult. Poult. Sci. 80:912-919.  
Noy, Y., and D. Sklan. 1999. Different Types of Early Feeding and Performance in Chicks 
and Poults. J Appl Poult Res 8:16-24.  
Ochsenbein, A. F., and R. M. Zinkernagel. 2000. Natural antibodies and complement link 
innate and acquired immunity. Immunol. Tod 21:624-630.  
Ileal Immune Development in Chickens 
55 
 
 
 
 
 
 
 
 
 
2 
Palo, P. E., J. L. Sell, F. J. Piquer, M. F. Soto-Salanova, and L. Vilaseca. 1995. Effect of 
early nutrient restriction on broiler chickens. 1. Performance and development of the 
gastrointestinal tract. Poult. Sci. 74:88-101.  
Penders, J., C. Thijs, C. Vink, F. F. Stelma, B. Snijders, I. Kummeling, P. A. Van den 
Brandt, and E. E. Stobberingh. 2006. Factors influencing the composition of the 
intestinal microbiota in early infancy. Pediatrics 118:511-521.  
Pfaffl, M. W. 2001. A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Res. 29.  
Round, J. L., and S. K. Mazmanian. 2009. The gut microbiota shapes intestinal immune 
responses during health and disease. Nat. Rev. Immunol. 9:313-323.  
Shapiro, S. K., and W. B. Sarles. 1949. Microorganisms in the intestinal tract of normal 
chickens. J. Bacteriol. 58:531-544.  
Turnbaugh, P. J., V. K. Ridaura, J. J. Faith, F. E. Rey, R. Knight, and J. I. Gordon. 2009. 
The effect of diet on the human gut mircobiome: A metagenomic analysis in 
humanized gnotobiotic mice. Sci Transl Med 1:1-10.  
Uni, Z., S. Ganot, and D. Sklan. 1998. Posthatch development of mucosal function in the 
broiler small intestine. Poult. Sci. 77:75-82.  
Van Eerden, E., H. Van Den Brand, H. K. Parmentier, M. C. M. De Jong, and B. Kemp. 
2004. Phenotypic selection for residual feed intake and its effect on humoral 
immune responses in growing layer hens. Poult. Sci. 83:1602-1609.  
Wen, L., R. E. Ley, P. Y. Volchkov, P. B. Stranges, L. Avanesyan, A. C. Stonebraker, C. 
Hu, F. S. Wong, G. L. Szot, J. A. Bluestone, J. I. Gordon, and A. V. Chervonsky. 
2008. Innate immunity and intestinal microbiota in the development of Type 1 
diabetes. Nature 455:1109-1113.  
Woof, J. M., and J. Mestecky. 2005. Mucosal immunoglobulins. Immunol. Rev. 206:64-82.  
 
 
 
 
 
CHAPTER 3 
 
 
Early feeding and early life housing conditions influence the 
response towards a noninfectious lung challenge in broilers 
 
 
 
 
 
K. Simon*1, G. de Vries Reilingh*, J. E. Bolhuis*, B. Kemp*,  
A. Lammers* 
 
 
 
 
*Adaptation Physiology Group, Department of Animal Sciences, 
Wageningen University 
 
 
 
 
 
 
 
Poultry Science (2015) 94: 2041-2048  
Chapter 3 
58 
ABSTRACT 
 
Early life conditions such as feed and water availability immediately post 
hatch (p.h.) and housing conditions may influence immune development and 
therefore immune reactivity later in life. The current study addressed the 
consequences of a combination of these 2 early life conditions for immune 
reactivity, i.e., the specific antibody response towards a non-infectious lung 
challenge. Broiler chicks received feed and water either immediately p.h. or with a 
72 h delay and were either reared in a floor or a cage system. At 4 weeks of age 
chicks received either an intratracheally administered Escherichia coli 
lipopolysaccharide (LPS) / Human Serum Albumin (HuSA) or a placebo, and 
antibody titers were measured up to day 14 after administration of the challenge. 
Chicks housed on the floor and which had a delayed access to feed p.h. showed the 
highest antibody titers against HuSA. These chicks also showed the strongest 
sickness response and poorest performance in response to the challenge, indicating 
that chicks with delayed access to feed might be more sensitive for an environment 
with higher antigenic pressure. In conclusion, results from the present study show 
that early life feeding strategy and housing conditions influence a chick’s response 
to an immune challenge later in life. These 2 early life factors should therefore be 
taken into account when striving for a balance between disease resistance and 
performance in poultry. 
 
Key words: chicken, housing conditions, early feeding, immune response 
  
Early Life Conditions and Immune Response in Broilers 
59 
 
 
 
 
 
 
 
 
 
3 
INTRODUCTION 
 
Early life conditions may have long-lasting effects on an individual’s immune 
system. One of these early life conditions is post hatch (p.h.) access to feed. In 
poultry production, access to feed is commonly delayed by up to 72 h p.h., which 
may lead to suboptimal gut and immune development, manifesting in delayed 
mucosal and villus development (Uni et al., 1998; Lamot et al., 2014) and lower 
antibody responses after immunization in the first 2 weeks of life (Bar Shira et al., 
2005). It has furthermore been suggested that chicks that experienced a delayed 
access to feed are less well prepared to handle environmental and disease 
challenges (Dibner et al., 1998). Delayed access to feed p.h., in combination with 
disinfection procedures at hatcheries, possibly hampers the intestinal microbial 
colonization process in chicks. Adequate microbial colonization is, however, 
important for a well-functioning immune system. For example, intestinal 
microbiota seem to be involved in the direction of class switching in B cells (He et 
al., 2007) and it has been shown that the mucosal antibody repertoire develops in 
response to intestinal microbiota (Hapfelmeier et al., 2010). Furthermore, microbial 
colonization seems to be important for induction of regulatory T cells and T cell 
homeostasis in the gut (Mazmanian et al., 2005; Hall et al., 2008; Geuking et al., 
2011). The interactions between microbiota and the immune system, as well as the 
fact that intestinal bacterial numbers dramatically increase upon first intake of feed 
(Shapiro and Sarles, 1949), illustrate the importance of early access to feed p.h. for 
immune development and immune reactivity later in life.  
Apart from access to feed, another factor which may have long-term effects on 
immune reactivity is early life housing conditions. It has been shown that dust, 
endotoxin, and bacteria levels are higher in floor systems compared to cage 
systems (Ellen et al., 2000; Just et al., 2011; Le Bouquin et al., 2013) and 
differences in antigenic pressure in the 2 housing systems may influence immune 
reactivity as was shown by a study of Moe et al. (2010). In this study, laying hens 
reared in a floor system showed higher antibody titers after immunization with 
sheep red blood cells compared with laying hens reared in a cage system. Housing 
conditions after the rearing period did not however influence antibody titers, 
indicating that early life housing conditions may influence immune responses in 
the long run.  
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Taken together, both access to feed p.h. and early life housing conditions seem 
to affect immune responses in chickens later in life, but it remains unclear whether 
these 2 early life conditions interact in their effects on immune reactivity. The 
present study therefore investigated immune reactivity in early and delayed fed 
chickens reared in a floor or cage system.  
 
 
MATERIALS AND METHODS 
 
Chickens and Housing 
This study was conducted with 128 broiler hens (Ross 308). Fertilized eggs 
were obtained from a commercial hatchery (Lagerwey Hatchery, Lunteren, The 
Netherlands) and were incubated at our animal facility under standard conditions. 
From embryonic day 19 onwards, the eggs were checked regularly for signs of 
hatching. Every 3 h dry chicks were removed from the incubator and randomly 
assigned to one of 2 feeding strategies: early feeding (EF) or delayed feeding (DF). 
EF chicks received feed and water immediately p.h., DF chicks were given no feed 
or water for the first 72 h. From 72 h p.h. on, all chicks had ad libitum access to 
feed and water. Feed consisted of a standard commercial diet containing a 
coccidiostat (salinomycin). For the first 72 h p.h., all chicks were housed in floor 
pens on rubber mats in order to prevent ingestion of wood shavings in DF chicks. 
After 72 h, all EF and DF chicks were housed in groups of 4 in either cages (C) of 
0.57 x 1.77 m, or in floor pens (F) of the same size containing wood shavings, in a 
2x2 arrangement, with a regimen of 16L:8D. At 2 wk of age, all chicks received an 
obligatory Newcastle disease vaccination.  
On d 28 p.h., half of the chicks of each feeding strategy and housing 
conditions received an immunological challenge (CH) consisting of intra-
tracheally administered LPS (2.5 mg/kg) (from E. coli 055:B5, Sigma-Aldrich 
Chemie GmbH, Steinheim, Germany, catalog L2880) in combination with HuSA 
(0.5 mg/kg) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, catalog A3782). 
A combination of LPS/HuSA was used because LPS is known to have an adjuvant 
effect when administered intra-tracheally in combination with a model antigen, in 
this case HuSA. Furthermore LPS elicits an innate response, resulting in cachectic 
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symptoms such as somnolence, and reduced feeding motivation and growth. The 
other half of the chicks received phosphate buffered saline as a placebo (PL) in 
order to check whether the administered challenged was effective and whether 
challenged birds responded to the model antigen HuSA. This resulted in 8 
treatment groups: 1. early fed cage-housed challenged (EF-C-CH), 2. early fed 
floor-housed challenged (EF-F-CH), 3. delayed fed cage-housed challenged (DF-
C-CH), 4. delayed fed floor-housed challenged (DF-F-CH), 5. early fed cage-
housed placebo-treated (EF-C-PL), 6. early fed floor-housed placebo-treated (EF-
F-PL), 7. delayed fed cage-housed placebo-treated (DF-C-PL), 8. delayed fed 
floor-housed placebo-treated (DF-F-PL). A pen was considered the experimental 
unit and there were 4 replicates per treatment combination.   
This study was approved by the Animal Welfare Committee of Wageningen 
University and Research Centre in accordance with Dutch laws and regulations on 
the execution of animal experiments.  
 
Measurements and Sampling 
Bodyweight and feed intake were recorded once a week at the same time of 
day. Additionally growth and feed intake per day was recorded on d -1, 0, 1, and 2 
relative to the challenge.  
Blood was collected from the wing vein on d -1, 3, 7, and 14 relative to the 
challenge for determination of antibody titers against LPS and HuSA, and natural 
antibody (NAb) titers against keyhole limpet hemocyanin (KLH). Antibody titers 
were determined by ELISA, as described previously (Simon et al., 2014).  
Behavioral measurements in CH birds on the day of the challenge consisted of 
feeding motivation as part of the sickness response (Johnson, 1998) together with 
general behavioral observations. Feeding motivation was recorded 24 h before, 
hourly during the first 7 h after the challenge, and at 48 h after the challenge. 
Feeding motivation was measured as the latency to approach a mealworm with a 
maximum of 30 s test time. To avoid food neophobia, birds were exposed to 
mealworms once a day in the week before the challenge (habituation). General 
behavior was recorded by means of instantaneous scan sampling every 20 min 
during the first 7 h after the challenge. Behaviors were assigned to one of 3 
categories: resting with closed eyes, resting alert, and active. Resting with closed 
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eyes included sitting or lying with closed eyes. Resting alert included sitting or 
lying with open eyes. Active included all other observed behaviors, i.e., drinking, 
eating, picking on the floor, grooming, (sham) dust bathing, walking, and standing. 
As broilers at 4 weeks mainly lie or sit due to their weight, standing was regarded 
an active behavior in the present study. Hourly means per pen were calculated for 
analysis.   
 
Statistical Analysis 
Data were analyzed using PROC MIXED in SAS 9.2 (SAS Institute Inc., 
Cary, NC). Normality was checked on the residuals. A natural log transformation 
was performed on data of antibody titers in order to approximate a normal 
distribution.  
Data on BW and feed intake throughout the whole experimental period, as 
well as data on NAb titers against KLH, were analyzed per time point. Feeding 
strategy (EF, DF), housing conditions (cage, floor), and their 2-way interactions 
were assessed for fixed effects on BW and feed intake before d 28. The 
administered challenge (CH, PL) was included as a fixed effect in the model after d 
28 (day of challenge). One pen was eliminated for feed intake measurements in 
week 4, because the feeding trough had been knocked over and a large amount of 
feed had been spilled and could not be retrieved.    
Since challenged birds showed higher IgM (P = 0.0137) and IgY (P = 0.0169) 
titers against the model antigen HuSA than placebo-treated birds, the challenge was 
considered successful. Analysis on specific antibody titers against LPS and HuSA, 
as well as growth, feed intake, feeding motivation and behavior was therefore 
performed on data for the challenged birds only. For these data, a repeated 
measures analysis was performed using PROC MIXED. Feeding strategy (EF, DF), 
housing conditions (cage, floor), and time (days or hours, respectively, relative to 
administration of the challenge) were assessed for fixed effects on antibody titers 
against LPS and HuSA, as well as on growth, feed intake, feeding motivation, and 
behavior in response to the challenge. For feeding motivation, birds which always 
showed the maximal latency, i.e., never approached the worm during habituation, 
were excluded from the analysis (n = 13 for EF-C, DF-C, and EF-F; n = 16 for DF-
F). 
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Where not significant, higher order interaction terms were eliminated from the 
model. All fixed effects were assessed at pen level (experimental unit) by including 
pen as a random factor in the statistical model. For behavioral data, statistical 
analyses were performed on pen means. Results are displayed as means and 
corresponding SE. Differences are considered significant where P ≤ 0.05. 
 
 
RESULTS 
 
BW & Feed Intake  
Housing conditions did not influence BW (Table 1A) or feed intake (Table 
1B). Feeding strategy however influenced both BW and feed intake throughout the 
whole experimental period. 
From d 3 onward, EF birds showed higher BW than DF birds (P < 0.001 for 
all days) throughout the whole experimental period, beginning at an average 24.8 g 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
   Treatment Groups 
  d post hatch EF-C-CH EF-F-CH DF-C-CH DF-F-CH 
A. BW (g) 0 44.5 ± 0.8 43.3 ± 0.6 44.4 ± 0.6 45.6 ± 1.1 
  3 63.8 ± 1.5 a 65.1 ± 1.5 a 39.1 ± 0.5 b 39.2 ± 0.9 b 
  7 132.3 ± 3.3 a 140.1 ± 4.4 a 90.9 ± 2.0 b 87.5 ± 2.6 b 
  14 390.3 ± 12.8 a 434.1 ± 11.3 a 309.3 ± 6.3 b 292.6 ± 7.6 b 
  21 856.4 ± 21.4 a 910.0 ± 18.9 a 715.1 ± 15.5 b 682.3 ± 15.2 b 
  28 1479.2 ± 31.6 a 1502.1 ± 33.0 a 1282.1 ± 20.4 b 1220.2 ± 25.6 b 
  35 2144.4 ± 43.9 a 2157.8 ± 49.1 a 1937.7 ± 30.0 b 1846.0 ± 38.7 b 
  42 2900.0 ± 43.4 a 2918.4 ± 56.3 a 2620.9 ± 56.8 b 2600.3 ± 52.2 b 
               
  wk post hatch             
B. daily feed 1 24.0 ± 1.8 a 21.7 ± 0.6 a 16.3 ± 1.7 b 13.4 ± 0.7 b 
 intake (g) 2 50.4 ± 1.3 a 50.8 ± 1.5 a 39.8 ± 1.2 b 35.0 ± 1.1 b 
  3 89.0 ± 1.7 a 112.8 ± 22.8 a 72.0 ± 1.8 b 72.3 ± 3.3 b 
  4 126.9 ± 2.9 a 117.6 ± 2.4 a 131.0 ± 17.2 b 105.8 ± 5.0 b 
  5 149.6 ± 3.5 a 141.5 ± 5.1 a 133.9 ± 2.4 b 125.8 ± 7.8 b 
  6 205.9 ± 4.1 a 199.8 ± 5.2 a 180.6 ± 9.9 b 185.5 ± 5.1 b 
 
Table 1. Body weight and feed intake per bird throughout the experimental period. 
Treatments were combinations of early life feeding strategy (EF = early feeding, DF = delayed 
feeding), early life housing conditions (F = floor-housing, C = cage-housing) and administration of 
an intra-tracheally administered challenge (CH = LPS/HuSA, PL = placebo). Data are displayed as 
means and corresponding SE. Means within a row lacking a common superscript differ significantly 
(P ≤ 0.05). (continued on the next page) 
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higher BW in EF birds on d 3 and ending at an average 271.6 g higher BW in EF 
birds on d 42. 
Mean feed intake per chick per day was higher in EF birds compared to DF 
birds throughout the whole experimental period (P ≤ 0.04 for all time points). Feed 
intake per day in EF birds was on average between 8.2 g and 25.1 g higher 
compared with DF birds.  
 
Natural Antibody Titers 
IgM NAb titers against KLH (Table 2A) were influenced by housing 
conditions, but not feeding strategy or the administered LPS/HuSA challenge. On 
the day before administration of the LPS/HuSA challenge, IgM titers against KLH 
were higher in F birds (4.0 ± 0.1) compared with C birds (3.6 ± 0.1) (P = 0.041). 
On d 7 (P = 0.036) and d 14 (P = 0.001) after administration of the LPS/HuSA 
challenge IgM titers against KLH were higher in C birds (5.7 ± 0.1 and 6.5 ± 0.2, 
respectively) compared with F birds (5.2 ± 0.1 and 5.9 ± 0.1, respectively). 
IgY NAb titers against KLH (Table 2A) were not influenced by feeding 
strategy, housing conditions, or LPS/HuSA challenge. 
 
   Treatment Groups 
  d post hatch EF-C-PL EF-F-PL DF-C-PL DF-F-PL 
A. BW (g) 0 42.4 ± 0.8 44.6 ± 0.7 43.8 ± 0.8 44.9 ± 0.5 
  3 62.4 ± 1.4 a 63.7 ± 1.7 a 38.2 ± 0.5 b 39.1 ± 0.5 b 
  7 138.5 ± 3.6 a 137.7 ± 3.1 a 92.6 ± 1.8 b 88.5 ± 1.6 b 
  14 429.3 ± 10.5 a 414.4 ± 12.7 a 308.3 ± 9.2 b 299.9 ± 6.9 b 
  21 912.5 ± 17.4 a 882.6 ± 24.5 a 718.3 ± 18.9 b 707.5 ± 14.9 b 
  28 1543.1 ± 30.6 a 1482.1 ± 36.5 a 1286.6 ± 45.0 b 1286.4 ± 29.5 b 
  35 2222.3 ± 47.6 a 2140.6 ± 44.9 a 2003.7 ± 37.7 b 1932.6 ± 40.0 b 
  42 2961.2 ± 71.3 a 2902.6 ± 58.1 a 2722.9 ± 60.1 b 2654.4 ± 58.0 b 
               
  wk post hatch             
B. daily feed 1 24.1 ± 2.2 a 21.3 ± 0.2 a 15.9 ± 1.0 b 12.9 ± 0.6 b 
 intake (g) 2 49.3 ± 3.2 a 48.9 ± 0.4 a 40.1 ± 1.4 b 36.8 ± 1.2 b 
  3 91.0 ± 2.3 a 133.5 ± 26.0 a 77.6 ± 1.9 b 104.0 ± 30.4 b 
  4 134.2 ± 6.3 a 124.0 ± 0.7 a 113.2 ± 7.1 b 114.3 ± 2.9 b 
  5 142.1 ± 7.4 a 142.8 ± 0.5 a 139.8 ± 4.2 b 135.6 ± 3.2 b 
  6 200.0 ± 2.1 a 197.2 ± 6.7 a 191.1 ± 5.9 b 185.4 ± 6.3 b 
 
Table 1. (continued) 
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Specific Antibody Titers 
IgM titers against HuSA (Figure 1A) were not influenced by feeding strategy 
or housing conditions.  
IgY titers against HuSA (Figure 1B) were influenced by a combination of 
housing conditions and feeding strategy (P = 0.04). On average DF-F birds showed 
the highest IgY titers against HuSA (4.7 ± 0.5) and differed from EF-C birds (3.8 ± 
0.4) (P =0.035), DF-C birds (3.3 ± 0.4) (P = 0.011), and EF-F birds (3.0 ± 0.3) (P = 
0.025). Furthermore, IgY titers against HuSA were influenced by a combination of 
time and housing conditions (P = 0.014). On d 3 after administration of the 
challenge F birds showed higher IgY titers against HuSA (2.4 ± 0.3) compared 
with C birds (1.4 ± 0.1) (P = 0.002). 
Neither IgM nor IgY titers against LPS (Table 2B) were influenced by feeding 
strategy or housing conditions.  
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Figure 1. Specific antibody titers against HuSA of LPSA/HuSA challenged birds. A: anti-HuSA 
IgM, B: anti-HusA IgY. Treatments were combinations of early life feeding strategy (EF = early 
feeding, DF = delayed feeding) and early life housing conditions (F = floor-housing, C = cage-
housing). Data are displayed as means and corresponding SE. # indicates significant differences (P 
≤ 0.01) between F birds and C birds within a time point. Treatment combinations lacking a 
common superscript differ significantly (P ≤ 0.05). 
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Growth & Feed Intake in Response to LPS/HuSA Challenge  
Growth in response to the LPS/HuSA challenge (Figure 2A) was influenced 
by a combination of time and feeding strategy (P = 0.022) as well as a combination 
of time and housing conditions (P = 0.031). On the day of the challenge, EF birds 
showed a higher growth (87.8 ± 7.4 g) compared with DF birds (63.2 ± 7.7 g) (P = 
0.001). Furthermore C birds showed a higher growth (83.7 ± 6.0 g) compared with 
F birds (66.6 ± 9.2 g) (P = 0.031) on this day. These effects were likely caused by 
the pronounced growth check in DF-F birds.    
Feed intake per day in response to the LPS/HuSA challenge (Figure 2B) was 
higher in EF birds (145.1 ± 6.1 g) compared with DF birds (126.2 ± 6.1 g) (P = 
0.005). Housing conditions did not influence feed intake in response to the 
challenge.  
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Figure 2. Growth and feed intake of LPS/HuSA challenged birds in response to the challenge. A: 
growth per bird per day, B: feed intake per bird per day. Treatments were combinations of early 
life feeding strategy (EF = early feeding, DF = delayed feeding) and early life housing conditions 
(F = floor-housing, C = cage-housing). Data are displayed as means and corresponding SE. * = 
significant difference (P ≤ 0.05) between EF and DF birds within a time point. # = significant 
difference (P ≤ 0.05) between F and C birds within a time point. Treatment combinations lacking 
a common superscript differ significantly (P ≤ 0.01) in feed intake. 
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Feeding Motivation in Response to LPS/HuSA Challenge 
Feeding motivation after administration of the LPS/HuSA challenge (Figure 
3) was not influenced by feeding strategy or housing conditions. Feeding 
motivation was influenced by time and was lowest 2 h after administration of the 
challenge, when birds showed an average latency of 17.6 ± 1.8 s to approach the 
offered worm. Numerically, feeding motivation was lowest in DF-F birds during 
the first 7 h after administration of the challenge.  
 
Behavior after LPS/HuSA Challenge 
The behavior of birds in response to the administered LPS/HuSA challenge 
(Figure 4) was influenced by time. Two h after administration of the challenge, the 
majority of time (60.4 ± 0.05 %) was spent resting with closed eyes (P < 0.001). In 
accordance with this, time spent resting alert was lowest 2 h after administration of 
the challenge (31.8 ± 0.04 %) (P < 0.001). Time spent resting alert was furthermore  
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Figure 3. Feeding motivation of LPS/HuSA challenged birds in 
response to the challenge. Treatments were combinations of early life 
feeding strategy (EF = early feeding, DF = delayed feeding) and 
early life housing conditions (F = floor-housing, C = cage-housing). 
Data are displayed as means and corresponding SE. 
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influenced by a combination of feeding strategy and housing conditions (P = 
0.016). Time spent resting alert in the hours following the challenge was lowest in 
DF-F birds (35.9 ± 0.04 %) and differed from EF-F birds (51.7 ± 0.04 %) (P = 
0.048) and DF-C birds (52.5 ± 0.04 %) (P = 0.048). Active behavior tended to be 
lowest 2 h after administration of the challenge (P = 0.089).  
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Figure 4. Behavior of LPS/HuSA challenged birds in the hours following the challenge. 
Treatments were combinations of early life feeding strategy (EF = early feeding, DF = delayed 
feeding) and early life housing conditions (F = floor-housing, C = cage-housing). Data are 
displayed as mean percentage of time spent displaying a behavior. An effect of time was found 
on time spent resting with closed eyes (P < 0.0001), with a peak at 2 h after administration of 
the challenge. 
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DISCUSSION 
 
This study investigated the effects of early (EF) and delayed feeding (DF) in 
different housing conditions (cage vs. floor housing) on BW, the immune response 
towards an intra-tracheal LPS/HuSA challenge, and the accompanying sickness 
behavior.  
EF birds showed higher feed intake and BW throughout the whole 
experimental period compared with DF birds, with an average difference in BW of 
272 g (2919 g vs. 2647 g) at 42 d of age. Higher BW (Gonzales et al., 2003) and 
growth (Careghi et al., 2005) in EF birds has been previously observed and may be 
due to a higher or more optimal nutrient uptake in EF birds, which have an 
increased intestinal surface area (Uni et al., 1998; Noy et al., 2001; Lamot et al., 
2014) and show a higher activity of digestive enzymes (Corless and Sell, 1999).  
NAb titers against KLH were not affected by the LPS/HuSA challenge or 
feeding strategy, but housing conditions had an effect on IgM titers against KLH. 
Differences between birds of different housing conditions did, however, not exceed 
0.6 titer units and further research should elucidate the biological relevance of 
these differences. 
In response to the LPS/HuSA challenge, EF birds showed a higher feed intake 
as well as a less severe growth check. The most severe growth check was observed 
in DF-F birds. Interestingly, these birds also showed the highest specific IgY 
antibody response against HuSA, suggesting that both feeding strategy and 
antigenic pressure in the environment play a role in immune reactivity. IgM 
antibody titers were not affected by feeding strategy or housing conditions, 
indicating that B cell function was not impaired and that treatments or treatment 
combinations only affected immune reactivity as shown by differences in IgY 
titers.  
A peak in sickness response was observed 2 h after administration of the 
LPS/HuSA challenge and was most pronounced in DF-F birds. DF-F birds showed 
the lowest feeding motivation and spent most of the time resting with closed eyes 
in the hours following the challenge. Two explanations for the most pronounced 
antibody response and the most pronounced sickness response in DF-F birds are 
possible. First, Dibner et al. (1998) suggested that DF birds are less capable of 
handling environmental and disease challenges compared with EF birds. This could 
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suggest that compared to a cage system, DF is more disadvantageous in a floor 
system where antigenic pressure is high. The findings of the present study, that DF-
F birds showed the most pronounced sickness response after administration of the 
challenge, might support the notion of Dibner et al. (1998) which is that DF birds 
have trouble handling environmental challenges. Since the DF-F birds however 
showed the highest specific antibody response towards HuSA, a second possible 
explanation is in fact that the opposite is the case, i.e. that these birds are better 
able to deal with challenges compared to EF birds, but that this comes at the cost of 
performance.  
That feeding strategy as well as environment may influence parts of the 
immune system has been previously shown, but in contrast to the current study, 
both factors have so far only been investigated separately from each other. 
Regarding feeding strategy Bar Shira et al. (2005) for example observed that EF 
birds showed a more rapid colonization of the hindgut and bursa with B and T 
lymphocytes and that EF birds showed higher primary antibody responses. 
Differences in immune reactivity as a consequence of feeding strategy may be 
caused by differences in intestinal microbial colonization. It has long been known 
that a dramatic increase in bacterial numbers can be observed upon first feed intake 
in chickens (Shapiro and Sarles, 1949). Microbiota composition in EF birds might 
therefore be more complex than that of DF birds, at least during the first 3 d p.h., 
and it has been demonstrated that a certain complexity in microbial composition is 
necessary for immune stimulation (Moreau et al., 1978; Rhee et al., 2004). 
Furthermore it has been shown in humans that initial microbial colonization may 
have long-lasting effects on microbiota composition (Grölund et al., 1999). 
Recently, we found that DF and EF birds indeed differ strongly in their initial ileal 
microbiota composition, however these differences were diminished after 3 weeks 
of age (unpublished data). Since adequate microbial colonization is necessary for 
intestinal development (Tlaskalová-Hogenová et al., 1983; Cebra, 1999), and 
because microbiota and immune system interact (Peterson et al., 2007; Round and 
Mazmanian, 2010; Hooper et al., 2012), EF birds may have had a head start over 
DF birds regarding immune development and the establishment of a balanced 
immune system. Indeed, deprivation of dietary antigens in early life may lead to a 
skew towards humoral immune responses (Da Silva Menezes et al., 2003). A skew 
towards humoral immune responses in DF-F birds, which experienced a delay in 
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exposure to dietary antigens p.h., is possible, and this would consequently lead to a 
more pronounced antibody response towards the administered challenge. However, 
the DF-F birds also show the most pronounced sickness response which is 
mediated by pro-inflammatory cytokines (Johnson, 1998; Dantzer, 2001), 
indicating that non-humoral parts of the immune system are affected as well.   
There are also indications that colonization with certain types of microbiota in 
early life may lead to a decreased responsiveness towards LPS (Sjörgen et al., 
2009), i.e., induction of tolerance, and may influence systemic immunity (Da Silva 
Menezes et al., 2003; Sjörgen et al., 2009). Impaired induction of tolerance by 
deprivation of antigenic stimulation in early life may also have played a role in DF 
birds. Klipper et al. (2000) have shown that induction of oral tolerance in chickens 
is age-dependent and is not possible to achieve after the first week of life, 
indicating that the first week of life forms a critical window for the imprinting of 
the immune system. In contrast to EF birds, DF birds in the current study may have 
passed the most sensitive part of the critical window in which induction of 
tolerance is still possible by denying them access to antigenic stimulation via diet 
for the first 3 d p.h. Which mechanisms lie behind the more pronounced antibody 
response towards HuSA in DF birds remains to be determined, but it is noteworthy 
that the contrast established in the first 3 d p.h. between EF and DF birds could 
obviously still affect systemic immunity later in life.  
The observed effect of feeding strategy on the systemic humoral immune 
response only holds for F birds and not for C birds, however, and aside from 
exposure to dietary antigens, antigenic pressure from the environment seems to 
play a role in immune reactivity as well. Again, early life conditions seem to be 
crucial, as shown in a study by Moe et al. (2010), in which rearing conditions, but 
not housing conditions after the rearing period, influenced antibody responses. 
Although dust concentrations per m3 air and endotoxin concentrations in settled 
dust did not differ much between housing systems probably due to the low density 
of birds (data not shown), F birds nonetheless face more antigenic pressure from 
the environment as they are in more direct contact with their feces and therefore 
conserved microbial molecular patterns such as endotoxins. DF birds who 
potentially have not built up antigenic tolerance are required to respond to this 
situation with high immune reactivity towards antigenic challenges. In high density 
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situations, feeding strategy and early life housing conditions may therefore be of 
great importance for immune development.  
Another possible reason for the observation that feeding strategy seems to 
play a less important role in C birds may be immune suppression caused by higher 
stress levels in these birds (Wang et al., 2003), which do not have the possibility to 
express all of their natural behaviors such as dust bathing and foraging.     
In conclusion, early life conditions were shown to have long-lasting effects on 
systemic humoral immunity in chickens and effects on other parts of the immune 
system are likely. Immune reactivity later in life may be influenced by feeding 
strategy immediately p.h. as well as early life housing conditions, where EF seems 
to be of more importance in a floor-system. These findings stress the importance of 
management and housing on immune reactivity and the balance between disease 
resistance and performance, and may have important implications regarding health, 
including vaccine efficacy, since vaccines may be less or more efficient under 
certain housing conditions and feeding strategies. Post-hatch feeding strategy as 
well as early life housing conditions should therefore be taken into account when 
measuring immune responses and vaccine efficacy in chickens.  
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ABSTRACT 
 
Due to an interplay between intestinal microbiota and immune system, 
disruption of intestinal microbiota composition during immune development may 
have consequences for immune responses later in life. The present study 
investigated the effects of antibiotic treatment in the first weeks of life on the 
specific antibody response later in life in chickens. Layer chicks received an 
antibiotic cocktail consisting of vancomycin, neomycin, metronidazole and 
amphotericin-B by oral gavage every 12 h, and ampicillin and colistin in drinking 
water for the first week of life. After the first week of life, chicks received 
ampicillin and colistin in drinking water for two more weeks. Control birds 
received no antibiotic cocktail and plain drinking water. Fecal microbiota 
composition was determined during antibiotic treatment (d 8 and 22), two weeks 
after cessation of antibiotic treatment (d 36) and at the end of the experimental 
period at d 175 using a 16S ribosomal RNA gene targeted microarray, the 
ChickChip. During antibiotic treatment fecal microbiota composition differed 
strongly between treatment groups. Fecal microbiota of antibiotic treated birds 
consisted mainly of Proteobacteria, and in particular E.coli, while fecal microbiota 
of control birds consisted mainly of Firmicutes, such as lactobacilli and clostridia. 
Two weeks after cessation of antibiotic treatment fecal microbiota composition of 
antibiotic treated birds had recovered and was similar to that of control birds. On d 
105, 12 weeks after cessation of antibiotic treatment, chicks of both treatment 
groups received an intra-tracheal LPS/HuSA challenge. Antibody titers against 
LPS and HuSA were measured 10 days after administration of the challenge. While 
T cell independent antibody titers (LPS) were not affected by antibiotic treatment, 
antibiotic treated birds showed lower T cell dependent antibody titers (HuSA) 
compared with control birds. In conclusion, intestinal microbial dysbiosis early in 
life may still have effects on the specific antibody response months after cessation 
of antibiotic treatment and despite an apparent recovery in microbiota composition.  
 
Key words: chicken, antibiotics, microbiota, immune response  
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INTRODUCTION 
 
Use of antibiotics severely disrupts the intestinal microbiota composition 
(Janczyk et al., 2007; Sekirov et al., 2008). Disruption of intestinal microbiota 
composition may be long-lasting (Jernberg et al., 2007; Schokker et al., 2015) and 
may already be caused by a single antibiotic dose (Janczyk et al., 2007; Schokker 
et al., 2015). Even after cessation of antibiotic treatment the intestinal microbiota 
often does not entirely return to its pre-treatment composition, but is changed 
persistently (Dethlefsen and Relman, 2011). Due to the constant interaction 
between microbiota and host immune system, changes in microbiota composition 
may affect host immunity. A balanced microbiota is important for maintaining the 
balance between Th1, Th2, Th17 and regulatory T cells (Mazmanian et al., 2005; 
Ivanov et al., 2008) and helps protect the host from invasion by enteric pathogens. 
Protection can result from competition for nutrients and binding sites, release of 
antimicrobial molecules directed against a potential pathogen, and stimulation of 
host defenses such as secretion of sIgA, defensins, or mucus (Stecher and Hardt, 
2011). Furthermore bacterial signaling has been shown to be involved in pro- and 
anti-inflammatory processes (Willing et al., 2011) and continuous modulation of 
the innate immune system by microbiota facilitates rapid responses against 
invading pathogens (Clarke et al., 2010). Disruption of the intestinal microbiota 
composition and therefore intestinal homeostasis by antibiotics has been shown to 
affect host defenses and thus makes the host more prone to infections (Clarke et al., 
2010; Willing et al., 2011).  
The importance of adequate microbial colonization for the establishment and 
maintenance of a balanced immune system, but also for immune development, has 
been shown in studies with germ-free animals, in which absence of microbiota 
entailed compromised immune functions. Germ-free animals showed, for instance, 
few plasma cells in the small intestine, decreased IgA levels, and under-developed 
mesenteric lymph nodes and Peyer’s patches. These animals furthermore showed 
low amounts of systemic immunoglobulins and plasma cells, deviant antibody 
responses, and were more susceptible to various infections (Smith et al., 2007; 
Sekirov et al., 2008; Clarke et al., 2010; Willing et al., 2011). Many of these 
impairments in immune function may, however, be restored upon microbial 
colonization (Smith et al., 2007). Effects of microbial colonization include 
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induction of regulatory T cell responses (Geuking et al., 2011), increase of 
intestinal IgA plasma cells (Moreau et al., 1978), and activation and terminal 
differentiation of B cells (Bos et al., 1987). Intestinal microbiota is furthermore 
involved in class switching of B cells (He et al., 2007) and development of the 
mucosal antibody repertoire (Hapfelmeier et al., 2010).  
Thus, due to the interaction between microbiota and host immune system 
antibiotic treatment early in life may have consequences for immune responses 
later in life. Antibiotic treatment in the present study was based on the protocol of 
Reikvam et al. (2011), which in mice leads to a phenotype resembling that of germ-
free animals. To the best knowledge of the authors this is the first time that the 
protocol of (Reikvam et al., 2011) has been adapted for use in chickens. The 
present study aimed at investigating the effects of intestinal microbiota depletion 
by broad spectrum antibiotics in the first week of life on microbiota composition 
and on the antibody response towards a non-infectious lung challenge later in life. 
 
 
MATERIALS AND METHODS 
 
Chickens and Housing 
In this study 40 one-day-old Lohman Brown hens were obtained from a 
commercial hatchery (Verbeek Hatchery, Zeewolde, The Netherlands) and were 
randomly divided over two treatment groups: an antibiotic treated group and a 
control group. D 0 is defined as the day of pull in the present study. Birds were 
housed in groups of 4, resulting in 5 replicates per treatment group. Birds were 
housed in floor pens of 2 m2 containing wood shavings with a regimen of 16L:8D. 
Both treatment groups had ad libitum access to feed and water. Feed for both 
treatment groups consisted of a commercial diet containing a coccidiostat 
(diclazuril).  
Antibiotic treatment was adapted from the protocol of Reikvam et al. (2011). 
Antibiotic treated birds received an antibiotic cocktail (10 ml/kg BW) consisting of 
vancomycin (5 mg/ml), neomycin (10 mg/ml), metronidazole (10 mg/ml) and 
amphotericin-B (0.1 mg/ml) for the first 7 d. The antibiotic cocktail was 
administered by gavage every 12 h. Additionally antibiotic treated birds received 
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ampicillin (1 g/l) and colistin (200 mg/l) in their drinking water for the first 21 d in 
order to prevent uncontrolled colonization of pathogens after the severe antibiotic 
treatment of the first 7 d. Control birds received a placebo (PBS) by gavage every 
12 h during the first 7d and plain drinking water. Administration of antibiotics 
during the first 7 d is defined as first phase antibiotics. Administration of 
antibiotics from d 8 through d 21 is defined as second phase antibiotics.  
At d 105 all birds received a non-infectious lung challenge consisting of intra-
tracheally administered Escherichia coli lipopolysaccharide (LPS) (0.5 mg/kg) 
(LPS from E. coli 055:B5, Sigma-Aldrich Chemie GmbH, Steinheim, Germany, 
catalog L2880) in combination with Human Serum Albumin (HuSA) (0.1 mg/kg) 
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany, catalog A3782).   
Chickens were vaccinated against Marek’s disease (at hatch), Newcastle 
disease (at d 8, d 34, d 38), infectious bursal disease (at d 29), infectious 
laryngotracheitis (at d 91), and infectious bronchitis (at d 113).  
This study was approved by the Animal Welfare Committee of Wageningen 
University and Research Centre in accordance with Dutch laws and regulations on 
the execution of animal experiments.  
 
Measurements and Sampling 
Birds were weighed daily during the first 7 d post-hatch (p.h.) when the 
antibiotic cocktail was administered and thereafter once a week. Additionally birds 
were weighed on the day of the immunological challenge (d 105) and on d 1 and 2 
after the challenge.  
Blood samples were collected from the wing vein at different time points.  
On d 35, 70, 105 (prior to administration of the LPS/HuSA challenge), and 
115 natural antibody (NAb) titers against keyhole limpet hemocyanin (KLH) were 
determined as a measure for the first line of defense. Antibody titers against LPS 
and HuSA were determined on d 105 (prior to administration of the LPS/HuSA 
challenge) and d 115. Antibody titers were determined by ELISA as described 
earlier (Simon et al., 2014) and titers were calculated as described by De Koning et 
al. (2015). 
Total Ig plasma concentrations were determined on d 35, 70, 105, 140, and 
175 by means of chicken IgM and IgG ELISA quantitation sets according to 
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manufacturer’s recommendations (Bethyl Laboratories, Inc, Montgomery, TX, 
USA, catalog E30-102 and E30-104, respectively). Dilution of the HRP detection 
antibody was adjusted to 1:20,000.   
Fecal samples were collected in the morning of d 8, 22, 36, and 175. Pooled 
samples were collected per pen by placing all 4 birds of each pen in a clean plastic 
crate for half an hour and collecting the feces afterwards. Pooled fecal samples 
were mixed thoroughly and stored at -80°C until further use. 
 
Cultivation of Fecal Bacteria 
Part of the pooled fecal samples of d 8 were used directly for cultivation of 
bacteria in order to determine the amount of cultivable bacteria in feces after the 
severe antibiotic treatment of the first week. For this purpose 10 mg of pooled fecal 
samples were dissolved in 1 ml brain-heart infusion. Subsequently, 50 ul of sample 
dilution were added to the first well of a microtiter plate containing 100 ul brain-
heart infusion. Samples were further diluted across wells with a 3x dilution factor 
until a dilution of 2.8 x 1011 was reached. After incubation for 24 h at 37°C the last 
positive well was used for calculation of the number of cultivable bacteria in feces.   
  
 Microbiota Analysis 
 Microbial DNA was extracted from 0.25 ± 0.01 g feces by using Repeated 
Bead Beating as described by (Salonen et al., 2010). DNA samples were analyzed 
by using the Chicken Intestinal Tract Chip (ChickChip). The ChickChip is a 
phylogenetic microarray with more than 2,000 oligonucleotides based on 16S 
rRNA gene sequences of 567 chicken intestinal microbial species-level phylotypes. 
Design of the ChickChip was according to the principles described for the Human-
Intestinal Tract Chip (HITChip) and the hybridization protocol and data analysis 
were carried out as described for the HIT- and Pig-Intestinal Tract Chip (Rajilić-
Stojanović et al., 2009; Haenen et al., 2013). Briefly, bacterial 16S rRNA was 
amplified using the primers T7prom-Bact-27-for: 5’-TGA ATT GTA ATA CGA 
CTC ACT ATA GGG GTT TGA TCC TGG CTC AG-3’ and Uni-1492-rev: 5’-
CGG CTA CCT TGT TAC GAC-3’. PCR products were transcribed into RNA. 
Purified resultant RNA was labelled with fluorescent CyDye (GE Healthcare Life 
Sciences, Eindhoven, The Netherlands) and labelled RNA was hybridized to the 
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array. Microarray images were processed using Agilent’s Feature Extraction 
Software (version 9.1, Agilent Technologies, Amstelveen, The Netherlands). 
Normalization and further processing of data were performed as described in 
previous studies (Rajilić-Stojanović et al., 2009; Haenen et al., 2013). Shannon’s 
diversity index was calculated based on probe-level profiles in order to determine 
differences in microbiota diversity between antibiotic treated and control birds.  
 
Statistical Analysis 
Data were analyzed in SAS 9.2 (SAS Institute Inc., Cary, NC). A mixed linear 
model was used for data on BW, growth, antibody titers, and microbiota 
composition (phylum level and approximate genus level). Observations cannot be 
considered independent, since several measurements on BW, growth, and antibody 
titers were performed per bird and several fecal samples were taken per pen over 
time. Therefore a repeated measures analysis was incorporated in the statistical 
model. Pen was considered the experimental unit. For BW, growth, and antibody 
titer analysis data was obtained from individual birds and pen was included in the 
model as random effect. Fecal samples for microbiota analysis were not obtained 
from individual birds, but were pooled samples per pen and data were therefore 
already on pen level. Treatment (antibiotic treated, control), time (day p.h.), and 
their interaction were analyzed for fixed effects on BW, growth, antibody titers, 
and microbiota composition. The effect of treatment (antibiotic treated, control) on 
the number of cultivable bacteria in feces on d 8 and on microbiota diversity was 
tested with a mixed linear model. 
A natural log transformation was performed on data on microbiota 
composition and number of cultivable bacteria in feces to approximate a normal 
distribution. Normality was checked on the residuals. Data are displayed as means 
and corresponding SE. Differences are considered significant where P ≤ 0.05.  
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RESULTS 
 
BW  
BW was neither during administration of the first phase antibiotics in the first 
7 d p.h. nor during the rest of the experimental period affected by administration of 
antibiotics (data not shown).  
 
Cultivable Bacteria in Feces 
The total number of cultivable bacteria in feces on d 8 p.h. (Figure 1), i.e. the 
end of administration of the antibiotic cocktail was on average 2.7 x 103 times 
lower in antibiotic treated birds compared with control birds (P < 0.01).  
 
Microbiota Composition  
Microbiota diversity did not differ between antibiotic treated and control birds 
(figure 2).  
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Figure 1. Number of cultivable bacteria in feces of antibiotic treated 
and control birds on day 8 post hatch. Antibiotic treated birds received 
a broad spectrum antibiotic cocktail from day 1 through day 7 post 
hatch. Due to extremely low numbers of cultivable bacteria in feces of 
antibiotic treated birds the left bar is barely visible in the graph. Data 
are displayed as means and corresponding SE. ** = significant 
difference (P ≤ 0.01) between antibiotic treated and control birds. 
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At phylum level (Figure 3) Actinobacteria, Cyanobacteria, Deinococcus-
Thermus, Firmicutes, and Proteobacteria were influenced by a combination of 
treatment and time (P < 0.01 for all). It should be noted that on d 8 microbiota in 
two antibiotic treated pens had been depleted to an extent that no bacterial DNA 
could be retrieved for analysis of microbiota composition. Differences in fecal 
microbiota composition between antibiotic treated and control birds were most 
pronounced regarding Proteobacteria and Firmicutes. At the end of first phase 
antibiotics on d 8, antibiotic treated birds showed a higher abundance of 
Proteobacteria (48.0 ± 21.0 %) and a lower abundance of Firmicutes (43.2 ± 19.4 
%) compared with control birds (4.2 ± 0.4 % and 89.7 ± 1.0 %, respectively) (P = 
0.004 and P = 0.06, respectively). At the end of second phase antibiotics, antibiotic 
treated birds still showed a higher abundance of Proteobacteria (58.2 ± 7.1 %) and 
a lower abundance of Firmicutes (35.0 ± 6.5 %) compared with control birds (2.4 
% ± 0.4 and 93.5 ± 1.2 %, respectively) (P < 0.001 for both).  
Less pronounced differences between treatment groups included a higher 
relative abundance of Actinobacteria in antibiotic treated birds (3.3 ± 1.3 %) 
compared with control birds (0.4 ± 0.05 %) (P < 0.001) on d 8. Furthermore,  
antibiotics 
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Figure 2. Shannon’s diversity index for antibiotic treated and control birds on 
different days post hatch based on ChickChip oligonucleotide probe signals. 
Antibiotic treated birds received a broad spectrum antibiotic cocktail from day 
1 trough day 7 post hatch and a milder antibiotic treatment from day 8 through 
day 21 post hatch. Data are displayed as means and corresponding SE. 
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antibiotic treated birds showed higher relative abundances of Cyanobacteria (0.6 ± 
0.1%) compared with control birds (0.3 ± 0.1 %) (P = 0.01) on d 22. On that day 
relative abundance of Deinococcus-Thermus was also higher in antibiotic treated 
birds (0.16 ± 0.02 %) compared with control birds (0.04 ± 0.004 %) (P < 0.001). 
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Figure 3. Fecal microbiota composition assessed at phylum level for antibiotic treated (full 
circles) and control birds (open triangles). Antibiotic treated birds received a broad 
spectrum antibiotic cocktail from day 1 trough day 7 post hatch and a milder antibiotic 
treatment from day 8 through day 21 post hatch. Horizontal bars represent the mean. 
Significant differences between treatment groups are indicated as follows: ** = P ≤ 0.01, 
*** = P ≤ 0.001, # = P ≤ 0.1. 
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No effects of antibiotic treatment on the relative abundance of Bacteroidetes, 
Chlamydiae, Deferribacteres, Lentisphaerae, Spirochaetes, and Verrucomicrobia 
were found. No differences at phylum level between antibiotic treated birds and 
control birds were observed on d 36 and d 175.  
The differences in the relative abundance of bacteria between treatment 
groups that underlie the differences found at phylum level become clear when 
zooming in on approximate genus level where several statistically significant 
differences between antibiotic treated and control birds were observed on d 8 and d 
22 (Table 1). Most striking was the fact that on d 22 fecal samples of antibiotic 
treated birds consisted on average of 53 % (± 7.1 %) E. coli et rel., while this group 
accounted for less than 1 % of fecal bacteria in control birds. Other potential 
pathogens, such as Pasteurella et rel., Pseudomonas et rel., or Bordetella et rel. 
were also present in a higher relative abundance in antibiotic treated birds, while 
potentially beneficial bacteria such as different lactobacilli and several members of 
the class Clostridia were generally more abundant in control birds. No significant 
differences at approximate genus level between treatment groups were found for d 
36 or d 175.    
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Figure 4. Growth of antibiotic treated and control birds in response 
to an intra-tracheally administered LPS/HuSA challenge. Antibiotic 
treated birds received a broad spectrum antibiotic cocktail from day 
1 trough day 7 post hatch and a milder antibiotic treatment from day 
8 through day 21 post hatch. The challenge was administered at day 
105 post hatch. Data are displayed as means and corresponding SE. 
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Weight Loss after LPS/HuSA Challenge 
On the day of administration of the LPS/HuSA challenge, birds of both 
treatment groups showed a loss of BW, on average between 35 g (antibiotic 
treated) to 43 g (control). On the day after challenge birds of both treatment groups 
started to gain weight again. Antibiotic treatment did not affect BW loss in 
response to the administered challenge (Figure 4).  
 
Total IgM & IgY Plasma Concentration 
Total IgM plasma concentration (Figure 5A) was influenced by a combination 
of antibiotic treatment and time (P < 0.001). On d 140 antibiotic treated birds had a 
lower concentration of total IgM in plasma (0.9 ± 0.06 mg/ml) compared to control 
birds (1.2 ± 0.06 mg/ml) (P = 0.001). Total IgM plasma concentration was still 
lower in antibiotic treated birds on d 175 (0.9 ± 0.04 mg/ml) compared with control 
birds (1.2 ± 0.09 mg/ml) (P < 0.001).  
Total IgY plasma concentration (Figure 5B) was influenced by a combination 
of antibiotic treatment and time (P < 0.001). On d 63 antibiotic treated birds had a 
higher concentration of total IgY in plasma (19.2 ± 1.6 mg/ml) compared with 
control birds (12.0 ± 0.9 mg/ml) (P = 0.001). Total IgY plasma concentration still 
tended to be higher in antibiotic treated birds on d 105 (21.3 ± 1.5 mg/ml) 
compared with control birds (17.9 ± 0.9 mg/ml) (P = 0.1). On d 140 total IgY 
plasma concentration was lower in antibiotic treated birds (17.1 ± 1.2 mg/ml) 
compared with control birds (29.9 ± 2.0 mg/ml) (P < 0.001).  
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Figure 5. Total IgM (A) and IgY (B) plasma concentrations of antibiotic treated 
and control birds on different days post hatch. Antibiotic treated birds received a 
broad spectrum antibiotic cocktail from day 1 trough day 7 post hatch and a 
milder antibiotic treatment from day 8 through day 21 post hatch. Data are 
displayed as means and corresponding SE. ** = significant difference (P ≤ 0.01) 
and *** = significant difference (P ≤ 0.001) between antibiotic treated and 
control birds. # = tendency for a difference (P ≤ 0.1) between antibiotic treated 
and control birds. 
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   Day 8 
Phylum Class Approximate Genus Antibiotic Control 
Actinobacteria Actinobacteria Corynebacterium et rel.       
  Micrococcus et rel. 2.98 ± 1.23 ** 0.30 ± 0.04 
Cyanobacteria  Uncultured Cyanobacateria       
Deinococcus- 
Thermus 
Deinococci Meiothermus et rel.       
Firmicutes Bacilli Bacillus et rel. 3.41 ± 1.75 ** 0.69 ± 0.07 
  Carnobacterium et rel. 0.70 ± 0.36 ** 0.07 ± 0.01 
  Enterococcus et rel.       
  Lactobacillus acidophilus et rel. 1.16 ± 0.72 ** 13.62 ± 5.47 
  Lactobacillus gasseri et rel. 0.82 ± 0.54 ** 15.12 ± 5.24 
  Lactobacillus kitasatonis et rel. 2.23 ± 2.02 ** 10.15 ± 2.92 
  Lactobacillus plantarum et rel.       
  Weissella et rel.       
 Clostridia Anaerotrunucs et rel.       
  Clostridium hylemonae et rel.       
  Clostridium leptum et rel.       
  Clostridium perfringens et rel.       
  Clostridium symbiosum et rel.       
  Eubacterium desmolans et rel.       
  Eubacterium hallii et rel.       
  Eubacterium plexicaudatum et rel.       
  Faecalibacterium et rel.       
  Lachnospira pectinoschiza et rel. 0.07 ± 0.03 * 0.17 ± 0.04 
  Uncultured Clostridia  
close to Clostridium symbiosum 
      
  Uncultured Clostridia XIVa       
  Uncultured Clostridia XIVb 0.73 ± 0.18 † 0.93 ± 0.06 
 Coccus Staphylococcus aureus et rel. 3.55 ± 2.58 ** 0.30 ± 0.03 
 Mollicutes Acholeplasma et rel. 0.03  ± 0.007 † 0.05 ± 0.009 
Proteobacteria Alpha- 
Proteobacteria 
Caulobacter et rel. 0.62   ± 0.23 *** 0.07 ± 0.01 
 Beta- 
Proteobacteria 
Bordetella et rel. 15.79   ± 7.29 ** 0.60 ± 0.05 
  Oxalobacter et rel. 1.66 ± 0.69 *** 0.12 ± 0.02 
 Gamma- 
Proteobacteria 
Acinetobacter et rel. 7.92 ± 3.83 ** 0.22 ± 0.02 
  Escherichia coli et rel. 6.29 ± 2.54 † 1.56 ± 0.46 
  Pasteurella et rel.       
  Pseudomonas et rel. 1.34 ± 0.45 ** 0.25 ± 0.04 
  Psychrobacter et rel. 0.33 ± 0.10 ** 0.08 ± 0.01 
  Uncultured Gamma- 
Proteobacateria 
      
  Xanthomonas 12.47 ± 6.02 *** 0.15 ± 0.02 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Statistically significant differences on approximate genus level between treatment groups 
Data displayed are a selection of fecal bacterial groups on approximate genus level, i.e. bacterial 
groups that differ in their relative abundance between antibiotic treated birds and control birds. 
Antibiotic treated birds received a broad spectrum antibiotic cocktail from day 1 trough day 7 post 
hatch and a milder antibiotic treatment from day 8 through day 21 post hatch. (continued on the 
next page) 
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   Day 22 
Phylum Class Approximate Genus Antibiotic Control 
Actinobacteria Actinobacteria Corynebacterium et rel.       
  Micrococcus et rel.       
Cyanobacteria  Uncultured Cyanobacateria 0.58 ± 0.08 * 0.31 ± 0.07 
Deinococcus- 
Thermus 
Deinococci Meiothermus et rel. 0.16 ± 0.01 ** 0.04 ± 0.004 
Firmicutes Bacilli Bacillus et rel. 0.72 ± 0.09 * 0.50 ± 0.07 
  Carnobacterium et rel. 0.08 ± 0.01 * 0.04 ± 0.01 
  Enterococcus et rel.       
  Lactobacillus acidophilus et rel. 0.95 ± 0.45 ** 16.14 ± 8.63 
  Lactobacillus gasseri et rel. 0.74 ± 0.27 ** 12.77 ± 5.51 
  Lactobacillus kitasatonis et rel. 0.13 ± 0.03 *** 4.64 ± 2.18 
  Lactobacillus plantarum et rel.       
  Weissella et rel.       
 Clostridia Anaerotrunucs et rel.       
  Clostridium hylemonae et rel.       
  Clostridium leptum et rel.       
  Clostridium perfringens et rel.       
  Clostridium symbiosum et rel.       
  Eubacterium desmolans et rel.       
  Eubacterium hallii et rel.       
  Eubacterium plexicaudatum et rel.       
  Faecalibacterium et rel.       
  Lachnospira pectinoschiza et rel.       
  Uncultured Clostridia  
close to Clostridium symbiosum 
      
  Uncultured Clostridia XIVa       
  Uncultured Clostridia XIVb 4.63 ± 2.32 * 0.73 ± 0.10 
 Coccus Staphylococcus aureus et rel. 0.39 ± 0.08 † 0.21 ± 0.04 
 Mollicutes Acholeplasma et rel. 0.30 ± 0.13 ** 0.04 ± 0.005 
Proteobacteria Alpha- 
Proteobacteria 
Caulobacter et rel.       
 Beta- 
Proteobacteria 
Bordetella et rel. 1.01 ± 0.25 * 0.41 ± 0.08 
  Oxalobacter et rel. 0.17 ± 0.05 † 0.08 ± 0.02 
 Gamma- 
Proteobacteria 
Acinetobacter et rel. 0.32 ± 0.05 ** 0.15 ± 0.02 
  Escherichia coli et rel. 53.28 ± 7.14 *** 0.55 ± .012 
  Pasteurella et rel. 0.83 ± 0.07 *** 0.18 ± 0.04 
  Pseudomonas et rel.       
  Psychrobacter et rel. 0.31 ± 0.04 *** 0.05 ± 0.01 
  Uncultured Gamma- 
Proteobacateria 
0.10 ± 0.01 *** 0.02 ± 0.004 
  Xanthomonas 0.75 ± 0.13 *** 0.12 ± 0.03 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. (continued) Statistically significant differences on approximate genus level between 
treatment groups 
When time and treatment showed a significant (P ≤ 0.05) interaction, significant differences 
between treatment groups were found for day 8 and day 22 post hatch. Main effects of treatment on 
bacterial groups of the two treatment groups are displayed under the “whole period” column. Data 
are displayed as means and corresponding SE. (continued on the next page) 
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   Whole Period 
Phylum Class Approximate Genus Antibiotic Control 
Actinobacteria Actinobacteria Corynebacterium et rel. 0.09 ± 0.02 
* 0.05 ± 0.01 
  Micrococcus et rel.       
Cyanobacteria  Uncultured Cyanobacateria       
Deinococcus- 
Thermus 
Deinococci Meiothermus et rel.       
Firmicutes Bacilli Bacillus et rel.       
  Carnobacterium et rel.       
  Enterococcus et rel. 5.33 ± 1.47 † 2.68 ± 1.01 
  Lactobacillus acidophilus et rel.       
  Lactobacillus gasseri et rel.       
  Lactobacillus kitasatonis et rel.       
  Lactobacillus plantarum et rel. 8.34 ± 1.73 * 13.58 ± 2.21 
  Weissella et rel. 0.10 ± 0.07 † 0.03 ± 0.004 
 Clostridia Anaerotrunucs et rel. 0.36 ± 0.04 † 0.51 ± 0.09 
  Clostridium hylemonae et rel. 0.09 ± 0.01 * 0.12 ± 0.02 
  Clostridium leptum et rel. 0.32 ± 0.04 † 0.65 ± 0.16 
  Clostridium perfringens et rel. 0.17 ± 0.04 * 0.38 ± 0.10 
  Clostridium symbiosum et rel. 0.31 ± 0.14 * 0.50 ± 0.14 
  Eubacterium desmolans et rel. 0.04 ± 0.003 * 0.06 ± 0.01 
  Eubacterium hallii et rel. 0.10 ± 0.01 † 0.12 ± 0.01 
  Eubacterium plexicaudatum et rel. 0.09 ± 0.01 † 0.14 ± 0.02 
  Faecalibacterium et rel. 0.71 ± 0.13 ** 1.02 ± 0.14 
  Lachnospira pectinoschiza et rel.       
  Uncultured Clostridia  
close to Clostridium symbiosum 
0.34 ± 0.06 * 0.82 ± 0.23 
  Uncultured Clostridia XIVa 0.06 ± 0.02 * 0.08 ± 0.02 
  Uncultured Clostridia XIVb       
 Coccus Staphylococcus aureus et rel.       
 Mollicutes Acholeplasma et rel.       
Proteobacteria Alpha- 
Proteobacteria 
Caulobacter et rel.       
 Beta- 
Proteobacteria 
Bordetella et rel.       
  Oxalobacter et rel.       
 Gamma- 
Proteobacteria 
Acinetobacter et rel.       
  Escherichia coli et rel.       
  Pasteurella et rel.       
  Pseudomonas et rel.       
  Psychrobacter et rel.       
  Uncultured Gamma- 
Proteobacateria 
      
  Xanthomonas       
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Symbols indicate a significant difference (* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001) or 
tendency for a difference († = P ≤ 0.1) between treatment groups within the respective time point. 
Table 1. (continued) Statistically significant differences on approximate genus level between 
treatment groups 
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   Treatment Groups 
  day post hatch antibiotic 
treated 
     control 
A. KLH IgM 35 4.9 ± 0.2 4.7 ± 0.2 
  70 7.4 ± 0.3 7.2 ± 0.2 
  105 9.5 ± 0.3 9.2 ± 0.2 
  115 9.0 ± 0.2 9.1 ± 0.2 
 KLH IgY 35 4.6 ± 0.3 5.5 ± 0.4 
  70 7.6 ± 0.3 6.8 ± 0.3 
  105 9.3 ± 0.2 10.0 ± 0.4 
  115 9.9 ± 0.3 10.6 ± 0.4 
         
B. LPS IgM 105 8.7 ± 0.2 8.8 ± 0.2 
  115 8.5 ± 0.2 8.5 ± 0.2 
 LPS IgY 105 9.8 ± 0.3 9.8 ± 0.2 
  115 10.1 ± 0.2 10.0 ± 0.3 
 
Antibody Titers 
Neither IgM nor IgY NAb titers against KLH were influenced by antibiotic 
treatment, but titers increased over time (P < 0.001) (Table 2A). 
Neither IgM nor IgY antibody titers against LPS were influenced by antibiotic 
treatment or time (Table 2B).  
IgM antibody titers against HuSA (Figure 6A) were influenced by a 
combination of treatment and time (P = 0.01). Ten d after administration of the 
LPS/HuSA challenge, antibiotic treated birds showed lower IgM titers against 
HuSA (5.9 ± 0.2) compared with control birds (6.9 ± 0.2) (P = 0.007). IgY 
antibody titers against HuSA (Figure 6B) had increased in both treatment groups 
10 d after the LPS/HuSA challenge compared to the day before administration of 
the challenge (P <0.001). Furthermore antibiotic treated birds tended to have lower 
IgY antibody titers against HuSA (10.5 ± 0.6) 10 d after the challenge compared 
with control birds (12.2 ± 0.6) (P = 0.08).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Antibody titers against KLH and LPS. 
Antibiotic treated birds received a broad spectrum 
antibiotic cocktail from day 1 trough day 7 post hatch and 
a milder antibiotic treatment from day 8 through day 21 
post hatch. Data are displayed as means and 
corresponding SE. 
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DISCUSSION 
 
The present study investigated the effects of broad spectrum antibiotic 
treatment early in life on BW, cultivable bacteria in feces, fecal microbiota 
composition, total plasma Ig concentration, NAb titers, and specific antibody titers 
in response to an intra-tracheal LPS/HuSA challenge later in life. Administration of 
broad spectrum antibiotics was based on a study by Reikvam et al. (2011), in which 
mice were depleted of cultivable bacteria in feces by severe antibiotic treatment. In 
their study administration of a broad spectrum antibiotic cocktail led to a reduction 
in spleen size, fewer Peyer’s patches, enlarged ceca, and a decrease in the 
expression of antimicrobial factors, leading to a phenotypical resemblance of 
antibiotic treated mice with germ-free mice.  
As expected, at the end of administration of the first phase antibiotics on d 8, 
antibiotic treated birds showed a considerable reduction in the number of cultivable 
bacteria in feces, which was on average 2.7 x 103 times lower compared with 
Figure 6. Specific IgM (A) and IgY (B) antibody titers against HuSA of antibiotic treated and 
control birds in response to an intra-tracheally administered LPS/HuSA challenge at day 105 post 
hatch. Antibiotic treated birds received a broad spectrum antibiotic cocktail from day 1 trough day 7 
post hatch and a milder antibiotic treatment from day 8 through day 21 post hatch. Data are displayed 
as means and corresponding SE. ** = significant difference (P ≤ 0.01) between antibiotic treated and 
control birds. # = tendency for a difference (P ≤ 0.1) between antibiotic treated and control birds. 
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control birds, confirming that antibiotic treatment was efficient to a similar extent 
as in the study of Reikvam et al. (2011).  
In the present study antibiotic treated birds did not differ in fecal microbiota 
diversity from control birds. Administration of broad spectrum antibiotics did, 
however, have a profound effect on fecal microbiota composition. By d 22 
antibiotic treated birds showed a shift towards Proteobacteria, which accounted for 
almost 60 % of their fecal microbiota and the vast majority of this group consisted 
of E. coli et rel. Other potential pathogens were also more abundant in antibiotic 
treated birds, while Firmicutes associated with a normal gut microbiota such as 
certain types of lactobacilli were decreased in antibiotic treated birds. These 
findings are not surprising, since studies have shown that antibiotic treatment is 
often accompanied with a loss of colonization resistance, i.e. an increase in 
opportunistic potential pathogens belonging to Proteobacteria, while numbers of 
potentially beneficial bacteria belonging to Firmicutes often decrease (Van Der 
Waaij et al., 1971; Hengstes et al., 1985; Sullivan and Nord, 2001; Edlund and 
Nord, 2003; Fouhy et al., 2012). Additionally, administration of antibiotics can 
lead to increased antibiotic resistance in some bacteria and a subsequent increase in 
numbers of these bacteria that survive antibiotic treatment (Jakobsson et al., 2010).  
Studies in mice and humans show that certain lactobacilli, which were also 
found to be more abundant in control birds of the present study, may enhance 
innate and adaptive immunity (Gill et al., 2000; Kawase et al., 2012), direct T cell 
mediated immune responses (Mohamadzadeh et al., 2005), and attenuate 
inflammatory processes (Schultz et al., 2002; Osman et al., 2004; Pathmakanthan 
et al., 2004; Petrof et al., 2009). Furthermore lactobacilli may be able to inhibit 
growth of potential pathogens such as E. coli or Staphylococcus aureus, as has 
been shown for Lactobacillus plantarum (Gilliland and Speck, 1977; Gilliland, 
1979). Clostridia, some of which were more abundant in control birds of the 
present study, on the other hand have been found to be important for the 
maintenance of intestinal homeostasis by playing an important role in the induction 
of regulatory T cells (Atarashi et al., 2011; Lopetuso et al., 2013). Atarashi et al. 
(2011) have furthermore shown that treatment with several of the antibiotics used 
in the present study, leads to a reduction in colonic regulatory T cells in mice in 
response to administration of antibiotics. Disturbances in microbiota composition 
by antibiotic treatment may therefore have influenced immune development and 
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consequently the specific antibody response towards the LPS/HuSA challenge in 
antibiotic treated birds. The influence of intestinal microbiota composition on 
immune development and host immunity has extensively been reviewed (e.g. 
(Round and Mazmanian, 2009; Hill and Artis, 2010; Hooper et al., 2012). 
Numerous studies have revealed an influence of gut microbiota on the development 
of various parts of the host immune system, such as the development and function 
of dendritic cells, macrophages, B cells, T cells, and the maintenance of immune 
homeostasis.  
In contrast to other studies performed in adult humans and developing pigs 
where disturbances of microbiota composition caused by antibiotic treatment could 
last up to several months or years (Jernberg et al., 2007; Jakobsson et al., 2010; 
Dethlefsen and Relman, 2011; Schokker et al., 2015), the fecal microbiota of 
antibiotic treated birds in the present study resembled that of control birds only two 
weeks after cessation of antibiotic treatment. It is possible that differences in 
microbiota composition did not persist in chickens for a longer period of time due 
to developmental differences between different species. Microbial colonization of 
antibiotic treated birds was, however, hampered in a period which is seen as a 
critical window for programming of the immune system (Renz et al., 2012). 
Different studies have shown that changes in intestinal microbiota composition 
early in life may have effects on adaptive as well as innate components of the host 
immune system. For example, changes in microbiota composition early in life have 
been shown to lead to the development of allergic diseases later in life (Russell et 
al., 2012) and to affect numbers of invariant natural killer T cells in the intestine 
(Olszak et al., 2012). Invariant natural killer T cells show characteristics of NK 
cells as well as T cells and form a bridge between innate and adaptive arms of the 
immune system (Van Kaer et al., 2011). These effects on the immune system were 
only found when intestinal microbiota composition was affected early in life, but 
not when disturbances were induced in adult animals, again emphasizing the 
importance of early life microbiota composition. In the present study early life 
antibiotic treatment had long-lasting effects on the specific T cell dependent 
antibody response (HuSA). Early life antibiotic treatment led to lower antibody 
titers against HuSA in response to a combination of HuSA and LPS, which was 
intra-tracheally administered 12 weeks after cessation of antibiotic treatment. 
Suppression of T cell dependent antibody responses by antibiotic treatment has 
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also been reported by others (Hauser and Remington, 1982; Woo et al., 1999). 
Neither antibiotic treated nor control birds reacted to LPS in terms of specific 
antibodies. Birds of both treatment groups did, however, show a transient growth 
check in response to the challenge, which did not differ between treatment groups. 
The transient growth check indicates an innate response towards LPS, since 
administration of HuSA alone does not lead to a loss in BW (Parmentier et al., 
2008). Other studies in chickens have shown differential effects of antibiotics on 
the antibody response. Murai et al. (2015) found that oral administration of 
antibiotics leads to enhanced antibody responses against orally administered KLH, 
but not muscularly administered KLH. The authors furthermore suggested a link 
between altered antibody responses and a decreased abundance of lactobacilli in 
feces, since antibody responses were only affected when the antibiotic dose was 
high enough to affect the abundance of lactobacilli in fecal samples. Khalifeh et al. 
(2009) on the other hand found that an orally administered antibiotic cocktail 
lowered antibody responses after a vaccination against Newcastle disease. Brisbin 
et al. (2008) again found that in-feed antibiotics enhanced antibody responses 
towards systemically, but not orally administered KLH and no differences in 
antibody response were found on other orally or systemically administered 
antigens. Discrepancies between studies indicate that the type and dose of 
antibiotic as well as duration of antibiotic treatment, route of immunization, and 
type of antigen may play a role in the way in which antibiotics affect the humoral 
response in chickens.  
A possible explanation for lower antibody responses against HuSA in 
antibiotic treated birds of the present study might be the massive population with 
E.coli et rel. early in life and consequently the birds’ exposure to large amounts of 
LPS. Although bacterial endotoxins like LPS generally work as adjuvants when 
administered simultaneously with or shortly after a T cell dependent antigen 
(Luecke and Sibal, 1962; Merritt and Johnson, 1963; Hamaoka and Katz, 1973), 
LPS may have a suppressive effect on antibody responses when administered some 
time before the model antigen (Luecke and Sibal, 1962; Merritt and Johnson, 1963; 
Persson, 1977). It has been suggested that LPS may directly affect regulatory T 
cells via the TLR-4 receptor, leading to an enhanced suppressor function of 
regulatory T cells (Caramalho et al., 2003), which has also been demonstrated in 
chickens several days after an injection with LPS (Shanmugasundaram and 
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Selvaraj, 2012). The actions of LPS may also be dose dependent, since a high dose 
of LPS has been shown to elicit a Th1 response, while a low dose of LPS elicited a 
Th2 response (Eisenbarth et al., 2002). The exposure to high amounts of LPS 
during a critical phase in immune development may have shifted immune 
responses of antibiotic treated birds towards a Th1 type response. Whether this is 
true and whether the possibly enhanced suppressor function of regulatory T cells is 
long-lasting remains to be investigated. The considerations regarding a possible 
shift towards a Th1 type response and enhanced suppressor functions of regulatory 
T cells may also explain the observed lower IgM and IgY plasma levels in 
antibiotic treated birds in the period after administration of the LPS/HuSA 
challenge at d 105 and two vaccinations in the same period.   
Apart from total IgM and IgY plasma concentrations, NAb titers against KLH 
were measured as an indicator for the general immune status of birds. NAb titers, 
which are part of the first line of defense were not affected by antibiotic treatment 
at the selected time points. The first blood collection took place on d 35, 2 weeks 
after cessation of antibiotic treatment. It is therefore not known whether NAb 
levels against KLH were influenced during antibiotic treatment. NAbs are 
considered an evolutionary preserved element of the immune system and are vital 
in the first line of defense (Avrameas, 1991; Ochsenbein et al., 1999). Due to their 
vital role in the defense against pathogens it may be possible that NAb levels were 
either unaffected by antibiotic treatment or quickly recovered after cessation of 
antibiotic treatment. 
Taken together, the present study shows that antibiotic treatment in the first 
weeks of life can still affect the specific antibody response and total IgM and IgY 
plasma concentrations months after cessation of antibiotic treatment, despite an 
apparent recovery of fecal microbiota composition. Results of the present study 
reinforced that a dysbiosis of intestinal microbiota early in life potentially leads to 
alterations in immune development and consequently immune competence in the 
long run. It should be kept in mind that the present study was conducted with 
healthy chickens and a relatively mild immunological challenge. It would be 
interesting to investigate the consequences of early life microbial dysbiosis under 
more challenging conditions closer to practice, i.e. higher levels of antigenic 
pressure and stress.  
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ABSTRACT 
 
Intestinal pathology early in life may affect immune development and 
therefore immune responses later in life. Dextran sulfate sodium (DSS) induces 
colitis in rodents and is a widely used model for inflammatory bowel diseases. The 
present study investigated DSS as a model for early life intestinal pathology and its 
consequences on intestinal pathology, ileal cytokine and immunoglobulin mRNA 
expression levels as well as the antibody response towards an immunological 
challenge later in life in chickens. Broiler and layer chicks received 2.5 % DSS in 
drinking water during d 11 through d 18 post hatch or plain drinking water as a 
control. As an immunological challenge all birds received a combination of 
Escherichia coli lipopolysaccharide (LPS) and Human Serum Albumin (HuSA) 
intramuscularly (i.m.) at d 35 and antibody titers against LPS, HuSA, and keyhole 
limpet hemocyanin (KLH) were determined to investigate effects of intestinal 
inflammation early in life on humoral immunity later in life. DSS treated birds 
showed a decrease in BW from which broilers quickly recovered, but which 
persisted for several weeks in layers. Histological examination of intestinal 
samples showed symptoms similar to those in rodents, including shortening and 
loss of villi and crypts as well as damage of the epithelial cell layer of different 
parts of the intestine. Effects of DSS on intestinal morphology were less severe in 
broilers that also showed a lower mortality in response to DSS than layers. No 
effect of DSS on ileal cytokine expression levels could be observed, but ileal 
immunoglobulin expression levels were decreased in DSS treated broilers that also 
showed lower antibody titers against LPS in response to the challenge. In 
conclusion, DSS may serve as a model for intestinal pathology early in life, 
although more research on the appropriate dose is necessary and is likely to differ 
between breeds. Results from the present study could indicate that broilers are less 
susceptible to DSS compared with layers or have a better capacity to recover from 
intestinal pathology.  
 
Key words: chicken, DSS, intestinal homeostasis, immune response 
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INTRODUCTION 
 
Early life intestinal pathology may have profound effects on immune 
development and immune responses later in life, due to an interaction between 
intestinal microbiota and the host immune system (Round and Mazmanian, 2009; 
Hill and Artis, 2010; Hooper et al., 2012). It has been shown that colitis, a 
recurring problem in practice caused by bacterial pathogens, also affects mucosal 
functions of the ileum (Amit-Romach et al., 2006), which is considered the site of 
immune activation. Furthermore colitis leads to enhanced ileal expression of pro-
inflammatory cytokines in rats (Barada et al., 2006). Administration of dextran 
sulfate sodium (DSS) may serve as a model for intestinal pathology. DSS reliably 
induces colitis in rodents when administered via drinking water for several days 
and is therefore widely used in models for inflammatory bowel disease. The exact 
working mechanism by which DSS induces colitis is not entirely clear, but so far it 
has been suggested that DSS compromises the intestinal function in different ways. 
Johansson et al. (2010) have shown that DSS alters the thickness of the mucus 
layer and makes it permeable to bacteria. After 12 h of DSS exposure bacteria were 
shown to be in contact with the epithelial cell layer, where bacteria can elicit an 
inflammatory response. DSS also decreases the capacity of macrophages to 
phagocytose bacteria, making it possible for bacteria to invade the lamina propria 
(Ohkusa et al., 1995; Stevceva et al., 2001). It seems that the malfunction of 
macrophages plays an important role in the initial acute phase of DSS induced 
colitis, which also develops in SCID mice lacking B and T cells (Dieleman et al., 
1994). Furthermore, Laroui et al. (2012) suggested that DSS disrupts the intestinal 
barrier by linking to medium chain fatty acids and forming vesicles. These vesicles 
fuse with epithelial cells of the colon and consequently affect major cell pathways, 
leading to a disruption of the intestinal barrier and an induction of inflammatory 
responses. Inflammatory responses include mucosal neutrophil infiltration and an 
upregulation pro-inflammatory cytokines (Yan et al., 2009; Dutra et al., 2011).  
Apart from inflammation of the colon, DSS treated animals also show changes 
in microbiota composition (Okayasu et al., 1990; Faure et al., 2006; Lupp et al., 
2007). The influence of intestinal microbiota on the development of various parts 
of the host immune system and the maintenance of immune homeostasis has been 
summarized in several reviews (Round and Mazmanian, 2009; Hill and Artis, 
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2010; Hooper et al., 2012). Due to changes in intestinal microbiota composition 
and stimulation of inflammatory responses, administration of DSS early in life 
when the immune system is not fully mature yet may therefore affect host immune 
development and consequently immune responses later in life. Given its high 
reproducibility and easy administration, DSS induced colitis might serve as a 
model for the consequences of early life intestinal pathology on immune 
development and long-term immune responses in chickens. 
The present study therefore aimed to investigate the possibility to use DSS 
administration as a model for early life intestinal pathology in chickens. Effects of 
DSS administration early in life on the development of ileal cytokine expression 
levels as well as the immune response towards a systemic immune challenge later 
in life were investigated. Although DSS primarily induces inflammation of the 
colon and not the ileum, effects on the ileum where immune maturation is initiated 
are likely. Effects of DSS on immune development and immune response in 
broilers as well as layers was studied, since an earlier study indicated differences in 
immune development between the two breeds in that broilers and layers seem to 
have different immune strategies (Simon et al., 2014).  
 
 
MATERIALS AND METHODS 
 
Chickens and Housing 
The present study was conducted with Ross 308 broiler hens (n=130) and 
Lohman Brown Classic laying hens (n=130). Fertilized eggs from both breeds were 
obtained from 2 commercial hatcheries (Lagerwey Hatchery, Lunteren, The 
Netherlands and Ter Heerdt Hatchery, Zevenaar, The Netherlands) and were 
incubated at our department under standard incubation conditions appropriate for 
each breed. From embryonic d 19 onwards eggs were checked every 3 h for signs 
of hatching. Every 3 h hatched chicks from both breeds were removed from the 
incubator and randomly assigned to one of 2 treatments: control or DSS treated. All 
birds received a standard commercial diet appropriate for each breed containing a 
coccidiostat (salinomycin). Feed and water was accessible ad libitum. Control birds 
received plain drinking water, DSS birds received 2.5 % DSS (Sigma-Aldrich 
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Chemie GmbH, Steinheim, Germany, catalog 42867-100G) in drinking water from 
d 10 to d 18 post hatch (p.h.). Water containing DSS was exchanged every day. 
Birds were housed per breed in separate rooms due to different temperature 
requirements of the two breeds. Birds were floor-housed in groups in pens of 1 x 2 
m containing wood shavings with a regimen of 16L:8D. Birds were not vaccinated.  
The dose of DSS was based on results of a pilot study. In the pilot study 3 
chicks per breed received either 0.5 %, 1.0 % , 1.5%, 2.0 %, or 2.5 % DSS in 
drinking water from d 10 to d 18 p.h. Control groups of each breed received plain 
drinking water throughout the whole experimental period. On d 18 all chicks were 
sacrificed and colon samples were obtained for histological examination of 
intestinal damage and signs of inflammation. Pathology of the colon was only 
observed in some animals of the 2.5 % group, but not in animals that received a 
lower dose of DSS and 2.5 % DSS was chosen as the dose to be used in the present 
follow-up study.  
On d 35 p.h. 15 birds per treatment received an immunological challenge 
consisting of i.m. administered Escherichia coli lipopolysaccharide (LPS) (2.5 
mg/kg) (LPS from E. coli 055:B5, Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany, catalog L2880) in combination with Human Serum Albumin (HuSA) 
(0.5 mg/kg) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, catalog A3782). 
This study was approved by the Animal Welfare Committee of Wageningen 
University and Research Centre in accordance with Dutch laws and regulations on 
the execution of animal experiments. 
 
Measurements and Sampling 
Birds were weighed at hatch and then once a week at the same time of day. 
Birds that received an LPS/HuSA challenge were additionally weighed the day 
before and the day of the challenge and each day for the first 7 days after 
administration of the challenge.  
Water and feed intake was recorded daily during DSS administration.  
Ileal samples were taken at d 10, 11 (8 h after first administration of DSS), 14, 
18, and 35 p.h. Per time point 10 birds per breed and treatment were sacrificed. 
Ileal midsections of 1 cm between Meckel’s diverticulum and ceco-iliac junction 
were stored overnight at 4°C in RNA later (Life Technologies, Carlsbad, CA, 
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USA; catalog AM7020). After removal of RNA later, ileal samples were stored at -
80°C until analysis.  
Length of colon and ceca was measured on d 18 and 35 after careful removal 
of colonal and cecal contents. 
Ileal, colonal, and cecal samples were collected for histology from 3 birds per 
breed per treatment at d 18 p.h. in order to visualize pathological effects of DSS. 
Swiss rolls of intestinal samples were immediately fixed overnight in Carnoy’s 
fixative consisting of 60% methanol, 30% chloroform, and 10% glacial acetic acid. 
After embedding in paraffin, sections of 7 μm were cut and stained with 
Hematoxylin and Eosin (HE).  
Blood was collected from the wing vein of birds that received an LPS/HuSA 
challenge on the day before administration of the challenge and on d 3, 7, and 14 
after administration of the challenge. Antibody titers were determined by ELISA as 
described previously (Simon et al., 2014), titer calculations were performed as 
described by De Koning et al. (2015). 
 
RNA Isolation and cDNA Synthesis 
Total RNA was extracted from ileal midsections using TRIzol Reagent (Life 
Technologies, Carlsbad, CA, USA; catalog 15596-026) according to the 
manufacturer’s recommendations. RNA concentrations were measured by a 
spectrophotometer (Multiscan GO, Thermo Fisher Scientific, Vantaa, Finland) and 
1 μL was analyzed on a 1% agarose gel to check RNA integrity.  
Prior to cDNA synthesis, RNA was further purified by an extra precipitation 
step, since remainders of DSS in tissue samples have been reported to inhibit 
reverse transcription in mice (Kerr et al., 2012; Viennois et al., 2013). Inhibition of 
reverse transcription was also observed in samples of the present study. Samples 
were therefore purified with lithium chloride (LiCl), using a protocol adapted from 
Viennois et al. (2013). A deviation from the protocol of Viennois et al. (2013) was 
that samples in our protocol were incubated with 0.5 instead of 0.1 volumes of 
LiCl. After the final removal of supernatant the pellet was dissolved in 20 μL 
diethylpyrocarbonate (DEPC)-treated water. RNA concentrations were equaled to 
500 ng/μl by dilution in DEPC-treated water after measuring RNA concentrations 
on a spectrophotometer.  
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After LiCl purification RNA samples were DNAse treated (all chemicals for 
DNA synthesis originated from Invitrogen, Carlsbad, CA, USA). 1 μL DNAse I 
and 1 μL DNAse I reaction buffer (DNAse I amplification grade kit, also 
containing 25 mM EDTA; catalog 18068-015) were added to 500 ng of total RNA 
and incubated for 15 min at room temperature at a total volume of 12 μL. 1 μL 25 
mM EDTA was added and samples were incubated at 65°C for 10 min to inactivate 
DNAse I. After incubation samples were quickly cooled down on ice.  
For cDNA synthesis 300 ng random primers (cat 48190-011), 1 μL 10mM 
dNTPs (catalog 18427-013), and 0.9 μL DEPC-treated water were added and 
samples were incubated at 70°C for 10 min. After quickly cooling the samples 
down on ice samples were incubated with 1 μL RNAse OUT (catalog 10777-019), 
1 μL Superscript II, 2 μL 0.1 M DTT, and 4 μL 5x First Strand Buffer (SuperScript 
II Reverse Transcriptase kit, catalog 18064-014) at 37°C for 50 min and 
subsequently at 70°C for 10 min. After incubation samples were quickly cooled 
down on ice and stored at -20°C until further use.  
 
Real-Time Quantitative PCR 
Real-time quantitative PCR was performed relative mRNA expression levels 
of pro-inflammatory cytokines IL-1β, IL-12p40, and interferon gamma (IFNγ), 
anti-inflammatory cytokine IL-10, as well the immunoglobulins IgM, IgY, and 
IgA. Additionally relative mRNA expression levels of B cell activating factor 
(BAFF) were investigated, which is a member of the TNF cytokine family and 
plays a role in the regulation of inflammatory responses. The 28S rRNA was used 
as a reference gene. Primer sequences are listed in Table 1. Samples of cDNA were 
diluted 1:5,000 for 28S and 1:50 for target genes. A reaction volume of 25 μL per 
well was reached by adding 5 μL cDNA, 12.5 μL SYBR Green PCR Master Mix 
(Applied Biosystems, Warrington, UK; catalog 4309155), 1.25 μL 10 μM forward 
and reverse primer, 0.31 μL VisiBlue inert coloring dye (TATAA Biocenter, 
Gothenburg, Sweden), and 5.94 μL endotoxin-free water (G-Biosciences, St. Louis, 
MO, USA; cat 786-670).  
Real-time quantitative PCR was performed on a Bio-Rad MyiQ real-time PCR 
detection system with the following protocol: 10 min at 95°C followed by 40 
cycles of 15 s at 95°C, 30 s at 59°C, and 36 s at 72°C. Melting curves were  
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Gene  Accession number Primer sequence1 (5’ → 3’) 
28S DQ018756 F: GGC-GAA-GCC-AGA-GGA-AAC-T 
R: GAC-GAC-CGA-TTT-GCA-CGT-C 
Il-1β AJ245728 F: CAG-CAG-CCT-CAG-CGA-AGA-G 
R: CTG-TGG-TGT-GCT-CAG-AAT-CCA 
Il-10 AJ621614 F: CGC-TGT-CAC-CGC-TTC-TTC-A 
R: TCC-CGT-TCT-CAT-CCA-TCT-TCT-C 
IL-12p40 NM_213571.1 F: GAC-CCA-CGA-GAT-TAT-CAG-CTA-CAG-T 
R: TGC-TTG-GCT-CTT-TAT-AGC-TTT-TCA 
INF-γ Y07922 F: GTG-AAG-AAG-GTG-AAA-GAT-ATC-ATG-GA 
R: GCT-TTG-CGC-TGG-ATT-CTC-A 
BAFF AY263378.1 F: CAT-GCA-ATC-ACC-CTG-AAA-AC 
R: TTC-TCC-CCC-TGT-TTC-TGT-TC 
IgM X01613.1 F: GCA-TCA-GCG-TCA-CCG-AAA-GC 
R: TCC-GCA-CTC-CAT-CCT-CTT-GC 
IgY X07174.1 F: ATC-ACG-TCA-AGG-GAT-GCC-CG 
R: ACC-AGG-CAC-CTC-AGT-TTG-G 
IgA S40610 F: GTC-ACC-GTC-ACC-TGG-ACT-ACA 
R: ACC-GAT-GGT-CTC-CTT-CAC-ATC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
obtained after each run by detection of fluorescence at 1°C intervals from 60°C to 
90°C. Contamination of samples with genomic DNA was checked with the 
ValidPrime Vertebrate kit (TATAA Biocenter, Gothenburg, Sweden) according to 
the manufacturer’s recommendations. Relative expression ratios of target genes 
were calculated as follows: ratio =  ECt28S
ECttarget gene 
The cut-off value was set at a Ct of 30. Samples above a Ct of 30 were classified as 
undetermined and were allocated an arbitrary Ct of 40 for calculations of the 
relative gene expression ratio.  
  
 
Table 1. Primer sequences 
1F = forward; R = reverse 
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Statistical Analysis 
Data were analyzed using a mixed linear model in SAS 9.2 (SAS Institute 
Inc., Cary, NC). Since broilers and layers were kept in two different rooms, breed 
is confounded with room and therefore data was analyzed separately per breed. 
Differences and similarities between breeds are therefore discussed in a descriptive 
way. 
Data on BW, growth in response to the administered LPS/HuSA challenge, 
natural and specific antibody titers were obtained from the same animals on several 
time points and cannot be seen as independent. Therefore a repeated measures 
analysis was incorporated in the statistical model. Pen was considered the 
experimental unit and was included as a random effect in the model. Data on feed 
and water intake during DSS administration were recorded daily on pen level. Data 
on feed and water intake can therefore not be seen as independent and a repeated 
measures analysis was incorporated in the statistical model.   
Data on colon and cecum length, and data on relative ileal cytokine and 
immunoglobulin mRNA expression levels was obtained from different animals at 
each time point and variance increased in time. Data were therefore analyzed per 
time point. Pen was considered the experimental unit and was included as a random 
effect in the model. A natural log transformation was performed on data on relative 
ileal cytokine and immunoglobulin mRNA expression levels to approximate a 
normal distribution. For time points at which ileal cytokine expression levels 
remained undetermined or were determined in less than 10% of the birds, no 
statistical analysis was performed.  
Outlier analysis including influence diagnostics was performed. When an 
outlier was detected, both results before and after removal of the outlier from the 
dataset are presented. 
Normality was checked on the residuals. Data are displayed as means and 
corresponding SE. Differences are considered significant where P ≤ 0.05.  
 
 
 
 
 
Chapter 5 
114 
RESULTS 
 
Mortality  
None of the control birds dropped out of the experiment, but a number of DSS 
treated birds of both breeds either died or were removed from the experiment due 
to their poor condition. In total two DSS treated broilers (3.1 %) and seven DSS 
treated layers (10.8 %) either died or had to be removed from the experiment. The 
two broilers were found dead after 3 d of DSS treatment. In DSS treated layers one 
bird was removed after 4 d, one bird after 6 d, and two birds after 7 d of DSS 
treatment. Furthermore, one bird was found dead 1 d after cessation of DSS 
administration, and one bird was removed 3 d after cessation of DSS 
administration and another bird 9 d after cessation of DSS administration.  
 
BW  
In broilers as well as in layers BW was influenced by a combination of 
treatment and time (P = 0.014 and P < 0.001, respectively). Compared with control 
broilers, BW of DSS treated broilers was lower on d 14 (P = 0.011) and d 21 (P < 
0.001), but had recovered by d 28 (Figure 1A). Compared with broilers BW of 
DSS treated layers was affected for a longer period of time. Compared with control 
layers, DSS treated layers showed lower BW from d 14 through d 42 (P < 0.001 
for d 14 through d 35, P = 0.01 for d 42) (Figure 1B).  
  
Water Intake During DSS Treatment 
In broilers DSS treatment affected water intake during the period of DSS 
administration. During DSS administration pens of DSS treated broilers had a 
lower daily water intake (314.6 ± 9.2 ml) compared with pens of control birds 
(360.7 ± 5.3 ml) (P = 0.005).  
In layers water intake during DSS treatment was affected by a combination of 
treatment and time (P = 0.009). On d 2 of DSS administration pens of DSS treated 
layers had a higher water intake (150.1 ± 18.8 ml) compared with pens of control 
birds (124.1 ± 3.7 ml) (P = 0.02). However, by d 7 of DSS administration the pens 
of DSS treated layers had a lower water intake (93.2 ± 5.9 ml) compared with 
control birds (116.4 ± 3.2 ml) (P = 0.04).  
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Figure 1. BW of DSS treated and control broilers (A) and layers (B). DSS treated birds 
received 2.5 % DSS in drinking water from d 11 through d 18. Data are displayed as 
means and corresponding SE. Significant differences between treatment groups are 
indicated by asterisks (* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001). 
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Feed Intake During DSS Treatment 
In broilers and layers DSS treatment affected feed intake during the period of 
DSS administration. During DSS administration, the pens of DSS treated broilers 
showed a lower daily feed intake (338.3 ± 7.9 g) compared to control birds (425.2 
± 20.4 g) (P = 0.009). The same was true for pens of DSS treated layers which 
showed a lower daily feed intake (232.8 ± 16.4 g) compared with control birds 
(268.7 ± 16.1 g) (P = 0.02). 
 
Colon and Cecum Length 
In broilers and layers both colon and cecum length were affected by DSS 
treatment. On d 18, i.e. the end of DSS administration, DSS treated broilers had a 
shorter colon (4.5 ± 0.3 cm) and cecum (6.7 ± 0.2 cm) compared with control birds 
(5.0 ± 0.3 cm and 10.7 ± 0.3, respectively) (P = 0.01 and P < 0.001, respectively). 
On d 35 colon and cecum length between DSS treated (colon 7.3 ± 0.4 cm; cecum 
12.8 ± 0.8 cm) and control broilers (colon 7.6 ± 0.7 cm; cecum 14.6 ± 0.7 cm) did 
not differ any more. Like broilers, DSS treated layers had a shorter colon (3.7 ± 0.2 
cm) and cecum (4.4 ± 0.2 cm) compared with control birds (4.6 ± 0.2 cm and 7.1 ± 
0.2 cm, respectively) (P = 0.009 and P < 0.001, respectively) on d 18. Colons of 
DSS treated layers (4.4 ± 0.5 cm) still tended to be shorter on d 35 compared with 
control birds (5.6 ± 0.2 cm) (P = 0.07). Cecum length of DSS treated (7.1 ± 0.9 
cm) and control layers (8.8 ± 0.3 cm) did not differ on d 35.  
 
Histological Observations 
Histological observations on sections of colon, cecum, and ileum of both 
breeds were carried out for 3 birds per breed per treatment. All three DSS treated 
broilers showed a shortening and thickening of colonic villi and in some parts a 
disruption of the epithelium. Ceca of all three DSS treated broilers partly showed a 
loss of crypts. In ileum of broilers no apparent effects of DSS treatment could be 
observed.  
All three DSS treated layers showed a shortening and thickening of colonic 
villi with a disruption of the epithelial cell layer and an almost complete loss of 
crypts in the ceca. Observations in the ileum were variable with a loss of villi, 
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crypts and the epithelial cell layer in one bird, while the two other birds showed an 
ileum similar to control birds. 
In both colon and cecum of broilers and layers infiltration of blood cells was 
observed which was in accordance with the macroscopic observation of intestinal 
bleeding in these tissues during dissection.  
Intestinal damage of broilers (Figure 2A through 2F) seemed less severe 
compared with layers (Figure 3A through 3F). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A B 
C D 
E F 
Figure 2. HE stained sections of different parts of the intestine of broilers. A: colon of control 
broiler, B: colon of DSS treated broiler, C: cecum of control broiler, D: cecum of DSS treated 
broiler, E: ileum of control broiler, F: ileum of DSS treated broiler.  
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Relative BAFF and Immunoglobulin mRNA Expression Levels 
Figures 4A through 4F display relative BAFF and immunoglobulin expression 
levels during administration of DSS. 
In broilers BAFF expression levels did not differ between DSS treated and 
control broilers at any time point (Figure 4A). IgM expression levels tended to be 
A B 
C D 
E F 
Figure 3. HE stained sections of different parts of the intestine of layers. A: colon of control 
layer, B: colon of DSS treated layer, C: cecum of control layer, D: cecum of DSS treated 
layer, E: ileum of control layer, F: ileum of DSS treated layer. The insertion in F shows the 
ileum of another DSS treated layer showing less damage.  
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lower in DSS treated broilers on d 14 (P = 0.065) and were lower on d 18 (P = 
0.05) compared with control broilers (Figure 4B). IgY expression levels tended to 
be lower in DSS treated broilers compared with control broilers on d 18 (P = 0.09) 
(Figure 4C). IgA expression levels were lower in DSS treated birds on d 14 (P = 
0.05) and d 18 (P = 0.024) compared with control birds (Figure 4D).  
In layers BAFF expression levels did not differ between DSS treated and 
control layers at any time point (Figure 4E). IgM and IgY expression levels did not 
differ between DSS treated and control birds at any time point (Figure 4F and 4G). 
IgA expression levels were higher in DSS treated layers compared with control 
layers on d 11 (P = 0.034) (Figure 4H). At d 18 IgA expression levels did not differ 
between DSS treated and control birds, but when an outlier (detected by the 
influence diagnostics in SAS 9.2) was removed from the dataset, DSS treated birds 
had lower IgA expression levels compared with control birds on that day (P = 
0.002). 
  
Relative Ileal Cytokine mRNA Expression Levels 
Figures 5A and 5B display relative IL-1β expression levels during 
administration of DSS. Data of other pro- or anti-inflammatory cytokines measured 
is not shown.  
In broilers IL-1β (Figure 5A), IL-12p40, and IL-10 expression levels remained 
undetermined or were determined in less than 10% of the birds at all time points. 
IFNγ expression levels remained undetermined from d 10 through d 18 and did not 
differ between DSS treated and control broilers at d 35.  
In layers IL-1β expression levels tended to be higher in DSS treated layers 
compared with control layers on d 18 (P = 0.064) (Figure 5B), but did not differ 
from expression levels of control layers at any other time point. IL-12p40 
expression levels remained undetermined or were determined in less than 10% of 
the layers at all time points. IFNγ expression levels remained undetermined or were 
determined in less than 10% of the layers from d 10 through d 14 and did not differ 
between DSS treated and control layers at d 18 and d 35. IL-10 expression levels 
remained undetermined or were determined in less than 10% of the layers from d 
10 through d 18 and did not differ between DSS treated and control layers at d 35.  
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Figure 4. Ileal BAFF and immunoglobulin mRNA expression levels of broilers and 
layers during administration of DSS. Treatments were 2.5 % DSS in drinking water from 
d 11 through d 18 (black squares) and plain drinking water as a control (open circles). 
Data are displayed as means and corresponding SE. Differences between treatment 
groups within one day are indicated as follows: * = P ≤ 0.05, # = P ≤ 0.1, a = significant 
difference (P ≤ 0.05) between treatment groups after removal of an outlier. 
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Weight Loss Around Challenge 
In response to the administered LPS/HuSA challenge all birds showed weight 
loss one day after administration of the challenge. DSS treated and control birds of 
both breeds did not differ in terms of weight loss. For broilers weight loss was 
105.8 ± 11.8 g for DSS treated broilers and 120.0 ± 6.3 g for control broilers. For 
layers weight loss was 13.8 ± 2.1 g for DSS treated layers and 16.4 ± 1.8 g for 
control layers. 
 
Natural Antibody Titers 
In broilers NAb titers against KLH (Figure 6A and 6B) were not influenced by 
DSS treatment.  
In layers DSS treated birds tended to have higher IgM titers against KLH (6.3 
± 0.2) compared with control birds (5.8 ± 0.1) (P = 0.06) (Figure 6C). IgY titers 
against KLH were not affected by DSS treatment in layers (Figure 6D).   
 
Figure 5. Ileal IL-1β mRNA expression levels of broilers and layers during 
administration of DSS. Treatments were 2.5 % DSS in drinking water from d 11 through 
d 18 (black squares) and plain drinking water as a control (open circles). Data are 
displayed as means and corresponding SE. Differences between treatment groups within 
one day are indicated as follows: # = P ≤ 0.1. 
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Specific Antibody Titers 
In broilers antibody titers against LPS were influenced by DSS treatment. DSS 
treated birds tended to have lower IgM titers against LPS (5.9 ± 0.2) compared 
with control birds (6.5 ± 0.2) (P = 0.08) (Figure 7A). Furthermore DSS treated 
birds had lower IgY titers against LPS (2.8 ± 0.2) compared with control birds (3.9 
± 0.2) (P = 0.006) (Figure 7B). 
In layers DSS treatment influenced IgM titers against LPS in that DSS treated 
birds tended to have higher IgM titers against LPS (6.9 ± 0.2) compared with 
A 
Figure 6. Natural antibody titers against KLH in response to an i.m. LPS/HuSA challenge in 
broilers and layers. DSS treated birds received 2.5 % DSS in drinking water from d 11 through d 
18. Data are displayed as means and corresponding SE. Differences between treatment groups are 
indicated by a hashtag (P ≤ 0.1, main effect of treatment).  
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control birds (6.4 ± 0.2) (P = 0.08) (Figure 7E). DSS treatment did not influence 
IgY titers against LPS in layers (Figure 7F). 
In both breeds DSS treatment did not influence IgM or IgY titers against 
HuSA (Figure 7C, 7D, 7G, 7H).  
  
 
DISCUSSION 
 
The present study investigated the effects of 2.5% DSS in drinking water early 
in life of broilers and layers on BW, intestinal morphology, ileal cytokine and Ig 
mRNA expression levels, as well as natural antibody levels and the specific 
antibody response towards an LPS/HuSA challenge later in life.  
Results of the present study show that apart from rodents, DSS may also be 
used in chickens as a model for disruption of intestinal homeostasis. Typical 
symptoms of DSS-induced colitis could be observed, such as bloody feces and BW 
loss in DSS treated birds. Moreover, DSS treated birds showed alterations in 
intestinal morphology like degradation of the epithelium up to complete loss of 
villi and crypts in different parts of the intestine and DSS treated birds also had a 
shorter colon and ceca. These results are in accordance with findings in rodents, 
which show weight loss, bloody diarrhea, reduction in colon length and 
morphological changes in the colon and caecum, such as damage of the epithelium, 
and shortening or loss of crypts (Cooper et al., 1993; Yan et al., 2009; Dutra et al., 
2011; Perše and Cerar, 2012). Findings of the present study are also in line with 
two very recent studies conducted in broilers, which showed that DSS treated 
broilers developed symptoms similar to those in rodents, including morphological 
changes throughout the intestine (Menconi et al., 2015) as well as an impaired 
intestinal barrier function (Kuttappan et al., 2015) also observed in rodents 
(Ohkusa et al., 1995; Stevceva et al., 2001; Yan et al., 2009; Johansson et al., 2010; 
Laroui et al., 2012). Menconi et al. (2015) also reported effects of DSS on the 
ileum, such as a shortening of villi in DSS treated broilers. In the present study 
clearly noticeable effects on the ileum were only found in one layer and the 
severity of damage varied greatly between individual birds, indicating that the 
reaction to DSS is variable in chickens. Although in the present study broilers had 
a much higher water intake than layers, the difference in water intake corresponded  
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Figure 7. Specific antibody titers against LPS and HuSA in response to an i.m. LPS/HuSA 
challenge in broilers and layers. DSS treated birds received 2.5 % DSS in drinking water from d 
11 through d 18. Data are displayed as means and corresponding SE. Differences between 
treatment groups are indicated as follows: ** = P ≤ 0.01, # = P ≤ 0.1. Indicated differences 
indicate a main effect of treatment. 
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with the difference in BW so that water intake relative to BW was similar in both 
breeds and does probably not explain the differences in response to DSS between 
the two breeds. A great variability in the reaction to DSS is also found in rodents 
and may be influenced by a multitude of factors such as molecular weight of DSS, 
manufacturer, genetic susceptibility between species and strains, and 
environmental factors such as housing conditions (Perše and Cerar, 2012).  
The present study also investigated the effects of DSS on ileal cytokine and 
immunoglobulin mRNA expression levels. The ileum is generally considered the 
site of immune activation and although DSS induces colitis, its effects are often not 
confined to the colon, but may also extend to other parts of the gastro-intestinal 
tract, including the ileum (Elsheikh et al., 2012). In rodents altered morphology and 
upregulation of pro-inflammatory cytokine expression levels throughout the small 
intestine were observed (Amit-Romach et al., 2006; Barada et al., 2006), 
supporting the notion that the effects of chemically induced colitis are not limited 
to the colon. Furthermore DSS induced colitis has also been described to lead to a 
systemic activation of the innate immune system (Westbrook et al., 2009). In 
contrast to the aforementioned rodent studies, effects of DSS on pro- and anti-
inflammatory cytokine expression levels in the ileum were not observed in the 
present study with the exception of enhanced IL-1β expression levels in DSS 
treated layers after 7 days of DSS administration. Due to the findings in rodents it 
was expected that all ileal cytokine expression levels would be upregulated by DSS 
treatment. It should be noted, however, that cytokine expression levels in the 
present study were very close to or under the detection limit. It is also possible that 
effects of DSS in the ileum were localized more towards the terminal ileum and 
were not picked up in the present study, in which mid-section samples were 
investigated. For future experiments it would be interesting to investigate the 
effects on cytokine expression levels of the colon where more damage was 
observed.  
DSS did have an effect on ileal immunoglobulin expression levels. 
Immunoglobulin expression levels were mainly affected in broilers with a down-
regulation of IgM, IgY, and IgA expression levels in DSS treated broilers in the 
second half of the treatment period. The strongest effect was found for IgA, the 
most important immunoglobulin on mucosal surfaces, which was also the only 
immunoglobulin affected in layers. An earlier study indicated that the immune 
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system of broilers may be more humoral-oriented than that of layers (Simon et al., 
2014), which may be the reason why the effects of DSS on immunoglobulin 
expression levels were more pronounced in broilers of the present study. Despite 
the lower Ig expression levels, no difference between DSS treated and control birds 
was found regarding expression levels of BAFF, a cytokine which seems to play an 
important role for B cell development and survival in species in which B cell 
development takes place in the GALT (Schneider et al., 2004; Kothlow et al., 
2007; Yeramilli and Knight, 2010), indicating that at least on ileal level BAFF is 
not involved in the regulation of Ig expression levels in chickens. A speculative 
explanation for lower Ig expression levels in the ileum of DSS treated birds might 
be a possible migration of B cells towards the colon, the major site of DSS-induced 
pathology. Although differences between Ig levels between broilers and layers in 
the present study were not as pronounced as in the earlier study (Simon et al., 
2014) and IgY expression levels were similar in both breeds, broilers still showed 4 
times higher IgM and 3 times higher IgA expression levels on d 35 compared with 
layers. It should be kept in mind, however, that a higher or lower expression of 
mRNA does not necessarily mean a higher or lower synthesis of the respective 
protein. 
DSS did have an effect on the antibody response towards the LPS/HuSA 
challenge which was administered two weeks after cessation of DSS treatment. 
Again effects were more pronounced in broilers where DSS treated birds showed 
lower antibody levels against LPS in response to the LPS/HuSA challenge. 
Interestingly broilers showed lower IgY antibody levels against LPS compared 
with layers which is in contrast with the earlier finding that broilers have a more 
humoral oriented immune system (Simon et al., 2014). On the other hand, broilers 
showed higher IgM antibody levels against HuSA on d 7 after administration of the 
challenge compared with layers. Similar differences between broilers and layers 
regarding their IgM and IgY antibody response towards an antigen were also 
observed by Koenen et al. (2002). In their study they found higher IgM antibody 
levels but lower IgY antibody levels against i.v. administered trinitrophenyl-
conjugated KLH in broilers compared with layers. The fact that in the present study 
IgM antibody responses were only higher in broilers for HuSA but not LPS, and 
IgY antibody responses were only higher in layers for LPS but not HuSA might 
indicate that the differences that can be observed between the two breeds in terms 
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of antibody response depend on the administered antigen. In terms of DSS 
treatment no effects were found on antibody titers against HuSA. It is possible that 
the rather high dose of HuSA administered in the present study has led to a 
development of plateau levels of antibodies in all groups and by that eliminating 
treatment effects of DSS.  
No effects of DSS on NAb levels (KLH) in response to the administered 
LPS/HuSA challenge were found. Since NAb levels were only determined in 
response to the administered LPS/HuSA challenge and not during DSS treatment, it 
is not clear whether DSS did not affect NAb levels or whether NAb levels have 
recovered in the two weeks between cessation of DSS treatment and administration 
of the LPS/HuSA challenge. Since NAbs play a vital role in the first line of defense 
against pathogens and are considered an evolutionary preserved element of the 
immune system (Avrameas, 1991; Ochsenbein et al., 1999), it would be desirable 
to not be affected by transient intestinal pathologies or to recover quickly, making 
both options possible.    
An interesting finding was that layers seemed to suffer more from DSS 
induced colitis in the present study compared with broilers and needed a longer 
time to recover regarding colon length and BW. One possibility why broilers seem 
to be less affected by DSS and show a faster recovery than layers may be a higher 
cell turnover and therefore faster tissue repair rate due to their rapid growth. 
Another possibility why broilers showed a faster recovery than layers may be 
differences between the two breeds regarding their immune system. As mentioned 
above, IL-1β expression levels in layers were upregulated in DSS treated birds in 
response to DSS after 7 days of DSS administration. In contrast IL-1β expression 
levels in broilers did not differ between DSS treated and control birds. This finding 
is in accordance with other studies indicating that layers seem to have a more pro-
inflammatory way of responding as is indicated by higher pro-inflammatory 
cytokine expression levels attributed to innate immune cells in both spleen and 
ileum compared with broilers, while broilers seem to have a more humoral-oriented 
way of responding as indicated by higher ileal Ig levels compared with layers 
(Leshchinsky and Klasing, 2001; Simon et al., 2014). Studies in mice have shown 
that, together with IL-18, IL-1β plays an important role in the development of 
DSS-induced colitis and that treatment with an IL-1 receptor antagonist decreased 
the severity of symptoms (Siegmund et al., 2001). It is therefore possible that 
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layers show a more severe inflammatory response to DSS and bacterial antigens 
leading to more tissue damage, explaining the slower recovery and higher mortality 
rate in layers compared with broilers.  
Studies in mice also suggest a genetic component in the development of DSS 
induced colitis, since different inbred mouse strains differ in their susceptibility to 
DSS (Mähler et al., 1998; Stevceva et al., 1999; Melgar et al., 2005).  
Another possibility is that a different susceptibility to stress in combination 
with an immune system tending to more pro-inflammatory responses may be a 
reason for more severe symptoms, higher mortality and a longer recovery period in 
layers. That layers are more susceptible to stress compared with broilers has been 
suggested before as layers show higher plasma corticosterone levels and more 
stress-induced vocalizations in response to a stressor (Hocking et al., 1993; Saito et 
al., 2005). The longer recovery period of layers might also be in accordance with a 
higher susceptibility to stress, since a longer recovery period was also observed in 
DSS treated mice that were subjected to different stressors (social defeat and 
overcrowding) compared to DSS treated mice not subjected to those stressors 
(Reber et al., 2006). That stress may affect the severity of colitis induced by DSS 
and other chemicals, has previously been described in rodents where stress has 
been shown to reactivate quiescent colitis (Qiu et al., 1999; Melgar et al., 2008) 
and stress prior to or after induction of colitis has been shown to increase the 
severity of colitis and the accompanying symptoms (Gué et al., 1997; Reber et al., 
2006). One of the causes for a stress-induced increase in severity of colitis may be 
the fact that stress affects the intestinal barrier function and thereby makes it 
possible for bacteria to adhere to and penetrate the intestinal epithelium (Qiu et al., 
1999; Cameron and Perdue, 2005). Thus, stress seems to play an important role in 
the development of DSS induced colitis in chickens and should be taken into 
account in future studies.  
Since a different susceptibility to stress has also been found for different 
chicken lines within one breed (Star et al., 2008), different chicken breeds and even 
different lines within one breed may require different doses of DSS to induce 
similar effects, which is in line with rodent studies (Mähler et al., 1998; Stevceva et 
al., 1999; Melgar et al., 2005). Regarding the appropriate dose of DSS in broilers, 
Menconi et al. (2015) recently suggested a tight dose range in chickens with a 
suggested optimum of 0.75 % DSS and therefore below the 2 – 5 % DSS used in 
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rodents (Perše and Cerar, 2012). The authors reported doses below 0.75 % DSS to 
be ineffective in causing disease symptoms, whereas higher doses caused such 
severe symptoms in broilers that experiments had to be terminated early. It is not 
known which broiler line was used in the study of Menconi et al. (2015) and 
discrepancies between their study and the present study in susceptibility to DSS 
may therefore be due to genetic differences in susceptibility in different broiler 
lines. Another point of consideration is that the environment may have an influence 
of DSS susceptibility as well (Perše and Cerar, 2012) and that the study of 
Menconi et al. (2015) was performed in a cage system while the present study was 
performed in a floor system.  
Taken together, results of the present study show that DSS may be a useful 
model to induce intestinal pathology in chickens. Administered during immune 
development, DSS may furthermore have effects on antibody responses later in 
life. Results could further indicate that colitis induced by bacterial pathogens as is 
frequently observed in practice, may have long-term effects on the immune 
response. However, this aspect needs further investigation. Additionally it would 
be interesting to investigate the long-term effects of DSS under more challenging 
circumstances, i.e. higher antigenic pressure or in an infection model. More 
research is needed, however, regarding the appropriate dose, especially for layers 
that show a much more severe reaction to DSS compared with broilers. 
Additionally, possible effects of stress on DSS susceptibility in chickens deserve 
further attention.  
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INTRODUCTION 
 
At hatch the chick’s immune system is not fully mature yet, but will gradually 
develop during the first weeks of life (Jeurissen et al., 1989). When the protection 
by maternal antibodies has subsided at about two weeks post-hatch (Grindstaff et 
al., 2003; Hamal et al., 2006), the chick’s own immune system needs to fully take 
over. The period early in life when the chick is relatively vulnerable due to the 
decrease of passive immunity, while the chick’s own innate and adaptive immunity 
is not fully developed yet supposedly forms a critical window in immune 
development where shaping of future immune responses may be possible. This 
thesis therefore aimed to investigate to what extent early life factors such as 
feeding strategy, housing system, or disruption of intestinal homeostasis may 
influence the chick’s immune development, but also its immune response later in 
life. Furthermore possible differences between two extreme chicken breeds, i.e. 
broilers and layers, were investigated. Earlier studies indicate that broilers and 
layers may show different responses towards immunological challenges, which 
may be due to unintentional co-selection of certain immunological traits along with 
selection for different production traits (meat and eggs, respectively) (Qureshi and 
Havenstein, 1994; Leshchinsky and Klasing, 2001; Koenen et al., 2002; Cheema et 
al., 2003).  
This chapter will very briefly recapitulate performed experiments and 
subsequently discuss the findings presented in this thesis. Firstly, focus will be put 
on the importance of microbial colonization for immune development, and the 
consequences that delayed access to feed and administration of antibiotics can have 
on the microbiota composition will be discussed. Secondly, the effects of early 
feeding and dextran sulfate sodium on ileal immune development will be 
discussed, followed by the effects that different early life factors, e.g. access to 
feed post hatch or administration of antibiotics, can have on the specific antibody 
response later in life. Thirdly, observed differences between broilers and layers in 
terms of immune strategy and specific antibody response will be discussed, as well 
as differences in recovery from an intestinal pathology between the two breeds. 
Furthermore attention will be given to possible unintentional co-selection of 
immunological traits during selection for a certain production trait. Finally, limiting 
factors of the experiments conducted within the scope of this thesis will be 
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discussed, as will be the ongoing selection for production traits and the 
environmental limits to genetic selection.  
  
 
BRIEF RECAPITULATION OF EXPERIMENTS 
 
All experimental treatments presented in this thesis, i.e. access to feed post 
hatch, housing conditions, administration of antibiotics, and induction of intestinal 
pathology by administration of dextran sulfate sodium (DSS), are expected to 
influence intestinal microbial colonization early in life. Due to the interaction 
between intestinal microbiota and the immune system, alterations in microbial 
composition during maturation and priming of the immune system early in life may 
affect immune responses later in life (Round and Mazmanian, 2009; Clarke et al., 
2010). It has furthermore been proposed that the immune system does not only 
recognize specific antigens, but is also able to build up a nonspecific memory of 
danger based on cellular stress and damage experienced during immune 
maturation, which will subsequently determine the type of adaptive response in 
response to danger signals later in life (Noble, 2009).  
In order to investigate the long-term influence of the aforementioned early life 
factors, chickens received a combination of E. coli derived lipopolysaccharide 
(LPS) and human serum albumin (HuSA) later in life, i.e. at 4 to 5 weeks of age or 
15 weeks of age, depending on the experiment. The mainly innate response to the T 
cell independent LPS manifests itself in loss of bodyweight and sickness behavior. 
HuSA on the other hand is a T cell dependent antigen that elicits a specific humoral 
immune response. The adaptive response towards an LPS/HuSA challenge 
represents an important effector function. If this effector function is influenced by 
early life factors, this indicates that other parts of the immune system were 
presumably influenced as well. Results indeed show that the response to 
LPS/HuSA can be influenced by all investigated early life conditions. The 
implications and consequences of these results will be discussed below.  
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INTESTINAL MICROBIOTA AND THE IMMUNE SYSTEM 
 
In the studies presented in this thesis it was found that different early life 
factors may influence priming of the immune system during immune development, 
leading to altered antibody responses later in life. Based on our results and on 
findings in literature, all of these early life factors involve disturbances of early life 
intestinal microbial colonization. The intestinal microbiota is in close contact with 
the immune system and interaction between microbiota and the immune system 
shapes immune responses of the host.  
 
Importance of microbial colonization for immune development 
Studies in germ-free animals show the importance of adequate microbial 
colonization for gut and immune development. The intestine of germ-free animals 
is underdeveloped as these animals show a reduction in intestinal surface area, 
thinner intestinal cell walls, and a decreased cellular renewal in the small intestine 
to name just a few deviations from conventionalized animals (Smith et al., 2007). 
Similar to germ-free mice, also delayed fed chickens show a reduced intestinal 
surface area and lag behind in mucosal and villus development (Uni et al., 1998; 
Noy et al., 2001; Lamot et al., 2014), indicating the importance of adequate 
microbial colonization for gut development. Lack of intestinal bacteria not only 
leads to a delay in intestinal development, but also affects different parts of the 
intestinal immune system. Germ-free animals show for instance a reduction in 
production of secretory IgA, fewer and less cytotoxic intraepithelial lymphocytes, 
fewer and underdeveloped Peyer’s patches, lower density of T cell subsets, and 
lower expressions of activation markers on macrophages (Barman et al., 1997; 
Smith et al., 2007; Round and Mazmanian, 2009). The effects of a lack of bacterial 
colonization are not confined to the intestine, but also have an effect on systemic 
immunity. Serum IgG levels are decreased in germ-free animals (Gustafsson and 
Laurell, 1958) as is the number of IgA and IgG secreting cells in various lymphoid 
tissues (Bos et al., 1988). Furthermore germ-free animals show lower specific 
antibody responses (Ohwaki et al., 1977) and susceptibility to various bacterial 
infections may be increased (Taylor et al., 1961; Inagaki et al., 1996). Immune 
development of germ-free mice can be stimulated by microbial components present 
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in the diet, such as lipopolysaccharide (Hrncir et al., 2008). Microbial colonization 
stimulates activation and terminal differentiation of B cells (Bos et al., 1987), and 
leads to an induction of class switching in B cells (He et al., 2007) and an increase 
of intestinal IgA plasma cells (Moreau et al., 1978). It has furthermore been shown 
in mice that the mucosal antibody repertoire develops in response to the intestinal 
microbiota (Hapfelmeier et al., 2010). In chickens it was recently found that gut 
microbiota are essential for bursal B cell development directly post hatch by 
forming immune complexes with maternal antibodies. These immune complexes 
are trapped in the bursa where they drive B cell differentiation and play a role in 
the induction of specific systemic IgM antibodies (Sonoda et al., 2013; Ekino et al., 
2015). Additionally, microbial colonization is important for the induction of 
regulatory T cells and for maintaining a balance between Th1, Th2, Th17, and 
regulatory T cells (Mazmanian et al., 2005; Hall et al., 2008; Ivanov et al., 2008; 
Geuking et al., 2011), and the intestinal microbiota play a role in priming the innate 
immune system (Clarke et al., 2010). 
 
Effects of delayed feeding on ileal microbiota composition 
It has further been speculated that the initial microbiota composition may have 
profound effects on immune responses later in life, regardless of the mature 
microbiota composition (Maynard et al., 2012). Shapiro and Sarles (1949) have 
shown long ago that there is a dramatic increase in bacterial numbers in the 
intestine after the first intake of feed in the chicken. Delayed access to feed 
therefore very likely leads to differences in initial microbial colonization of the 
intestine which may have long-term consequences for immunity. To investigate the 
effects of early and delayed feeding on the adherent microbiota in the ileum, broiler 
and layer chicks either received immediate access to feed and water post-hatch or 
with a 72 h delay (chapter 2). At different time points ileal mid-sections of 1 cm 
were sampled between Meckel’s diverticulum and caeco-iliac junction in 5 
chickens per breed and feeding strategy. Ileal samples were carefully emptied of 
their contents, snap-frozen in liquid nitrogen and stored at -80° until further 
analysis. Adherent microbiota composition was determined by 16S rRNA 
pyrosequencing and mean relative abundance at family level is depicted in Figure 
1. Undetermined families belong to the class of Clostridia. 
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Figure 1. Adherent microbiota composition in ileal mid-sections. Treatments were early feeding 
(EF, i.e. immediately post hatch) and delayed feeding (DF, i.e. with a 72 h delay). A: microbiota 
composition of broilers, B: microbiota composition of layers. (continued on the next page) 
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Figure 1 shows that early and delayed fed birds of both breeds differ 
substantially in their microbiota composition on day 3 when delayed fed birds had  
not received access to feed yet. Data depicted in Figure 1 is intended to provide 
only a global overview on differences in microbiota composition between early and 
delayed fed chickens early in life and differences will not be discussed in detail. 
Differences in microbiota composition are still clearly visible on day 10, but 
microbiota composition becomes more similar between early and delayed fed birds 
from day 21 onwards in both breeds. Even though the microbiota composition 
becomes more similar, minor differences may still be biologically relevant in terms 
of stimulation of the immune system. It should also be noted that a large inter-
individual variation in microbiota composition was observed. Although early life 
microbial colonization in chickens may also depend on antigens present in their 
environment, the data clearly shows that delayed access to feed affects ileal 
microbiota composition early in life, which may consequently lead to a different 
stimulation of the host immune system and differences in immunity later in life as 
has been shown in chapter 3. In that respect the offered diet itself may also 
influence microbial colonization. Differences and switches in diet lead to a shift in 
microbiota composition in humans and mice (Orrhage and Nord, 1999; Turnbaugh 
et al., 2009; De Filippo et al., 2010; Maslowski and Mackay, 2011) and diet-related 
differences in microbiota composition have also been described in chickens 
(Apajalahti et al., 2001; Knarreborg et al., 2002). Since initial microbial 
colonization seems to be important for immunity later in life, apart from provision 
of feed immediately post hatch, composition of the first feed offered to chicks after 
hatching may have profound effects on later life immunity as well.  
 
Disturbance of intestinal homeostasis  
Even if feed is provided immediately post hatch, disturbances of microbiota 
composition during the maturation phase of the immune system may have effects 
on later life immunity as was observed in chickens that received an antibiotic 
cocktail (chapter 4) or DSS (chapter 5) early in life. Both administration of 
antibiotics (Janczyk et al., 2007; Sekirov et al., 2008) and DSS (Okayasu et al., 
1990; Faure et al., 2006; Lupp et al., 2007) lead to a shift of the intestinal 
microbiota composition. Especially the effects of administration of antibiotics on 
General Discussion 
143 
 
 
 
 
 
 
 
 
 
6 
microbiota composition and consequently the immune system have extensively 
been studied. Regarding antibiotics, already a single antibiotic dose has been 
shown to cause a long-lasting disruption of the intestinal microbiota composition 
(Janczyk et al., 2007; Schokker et al., 2015). The microbiota composition is often 
changed persistently and often does not entirely return to its pre-treatment 
composition, even after cessation of antibiotic treatment (Dethlefsen and Relman, 
2011). The reason for long-lasting changes in microbiota composition is probably 
the fact that in an ecological community succession will take place whenever a 
niche becomes available due to a disturbance of some kind (Connell and Slatyer, 
1977). Hereby early colonizers may have an influence on colonization by later 
species through modifying the environment (Connell and Slatyer, 1977). In case of 
the chicken disturbances may for instance include antibiotic treatment or intestinal 
pathologies. 
In our study (chapter 4) microbiota composition of birds that were 
administered a multitude of antibiotics simultaneously for a longer period of time 
differed from control birds during administration of antibiotics. After the first 
week, the number of cultivable aerobic bacteria in feces were 2.7 x 103 times lower 
in antibiotic treated birds compared with control birds. Furthermore fecal 
microbiota composition of antibiotic treated birds during and one day after 
cessation of antibiotic treatment differed significantly from control birds. In 
contrast to what has been reported by others, changes in microbiota composition 
were not long-lasting and microbiota composition of antibiotic treated birds was 
similar to that of control birds 2 weeks after cessation of antibiotic treatment. 
Nevertheless, initial microbial colonization of antibiotic treated birds differed 
substantially from control birds, leading to long-lasting effects on the specific 
systemic antibody response as discussed above. The importance of early life 
intestinal microbiota composition has been confirmed by others who showed that 
changes in microbiota composition in mice and humans affected numbers of 
invariant natural killer T cells in the intestine (Olszak et al., 2012) and led to 
development of allergic diseases later in life (Russell et al., 2012) only when 
disturbances were induced early in life, but not when disturbances were induced 
during adult life. Administration of antibiotics to chickens early in life may 
therefore disrupt the development regulatory immune functions and subsequently 
lead to a decrease in robustness.  
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The most evident difference between antibiotic treated and control birds in our 
study was an overpopulation with Proteobacteria and more precisely E .coli et rel. 
in antibiotic treated birds which accounted for more than half of their fecal 
microbiota, while the relative abundance of Firmicutes in these birds was 
diminished to less than half of that of control birds. These findings are in 
accordance with other studies which have shown that antibiotic treatment is often 
accompanied by a loss of colonization resistance, causing an increase in 
opportunistic potential pathogens belonging to Proteobacteria, while numbers of 
potentially beneficial bacteria belonging to Firmicutes often decrease (Van Der 
Waaij et al., 1971; Hengstes et al., 1985; Sullivan and Nord, 2001; Edlund and 
Nord, 2003; Fouhy et al., 2012). The observed differences in microbiota 
composition have likely led to differences in priming of the immune system, 
manifesting itself in the observed differences in the specific systemic antibody 
response. Certain lactobacilli, which were more abundant in control birds of our 
study, have been shown to enhance innate and adaptive immunity in mice (Gill et 
al., 2000; Kawase et al., 2012), direct T cell mediated immune responses 
(Mohamadzadeh et al., 2005), and attenuate inflammatory processes (Schultz et al., 
2002; Osman et al., 2004; Pathmakanthan et al., 2004; Petrof et al., 2009). 
Furthermore certain lactobacilli are able to inhibit growth of potential pathogens 
such as E. coli or S. aureus, as has been shown for Lactobacillus plantarum 
(Gilliland and Speck, 1977; Gilliland, 1979). Clostridia, some of which were more 
abundant in control birds of our study, on the other hand have been found to be 
important for the maintenance of intestinal homeostasis by playing an important 
role in the induction of regulatory T cells (Atarashi et al., 2011; Lopetuso et al., 
2013). Antibiotics used in our study can on the other hand lead to a reduction in 
colonic regulatory T cells (Atarashi et al., 2011) and a reduction of the innate 
immune defense, resulting in an increased susceptibility to enteric pathogens 
(Brandl et al., 2008).  
 
Implications and further research 
A balanced microbiota helps protect the host from invasion by enteric 
pathogens. Protective mechanisms include competition for nutrients and binding 
sites, release of antimicrobial molecules directed against a pathogen, and 
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stimulation of host defenses such as secretion of sIgA, defensins, or mucus 
(Stecher and Hardt, 2011). Disturbances of the initial microbial colonization of the 
chicken intestine may have long-lasting effects on specific systemic antibody 
responses and effects on other parts of the immune system cannot be excluded. Due 
to disinfection of eggs and chicks in commercial hatcheries, bacterial transfer 
between mother and offspring is largely prevented in current practice. For initial 
colonization post hatch chicks therefore depend on bacterial species present in their 
environment, and especially from feed for microbial colonization. Adequate 
microbial colonization in the first days of life is essential for the development of a 
functioning immune system due to the various interactions between the intestinal 
microbiota and the host immune system. Disturbances of microbial colonization 
should therefore be reduced to a minimum, especially during the phase of immune 
development. Since diet composition shapes the intestinal microbiota composition 
and the intestinal microbiota shape the development of the host immune system, 
dietary immunomodulation may be used to accelerate immune development. 
Especially in situations where infection pressure is high dietary stimulation of 
immune development might enhance chick survival. In the future it might be 
interesting to think about more customized solutions in terms of feed for housing 
conditions that differ in infection pressure.  
 
 
EARLY LIFE CONDITIONS INFLUENCE IMMUNE COMPETENCE 
 
The gut is one of the most important sites from an immunological point of 
view. Within the gut the small intestine and especially the Peyer’s patches (PPs) of 
the ileum play an important role for immune activation. Continuous sampling of 
the intestinal lumen content takes place via PPs, where encountered antigens are 
processed first (Hauet-Broere et al., 2003; Jung et al., 2010). PPs do not only play a 
role in the priming of immune cells and eliciting mucosal immune responses, but 
are also involved in the induction of oral tolerance and therefore play an important 
role in maintenance of homeostasis (Jung et al., 2010). The ileum is therefore often 
seen as the site of immune activation and education and effects of different early 
life factors on ileal immune development were investigated within the scope of this 
thesis. Although with a maximum of 5 PPs (Befus et al., 1980) chickens appear to 
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harbor less PPs compared to mammals, research indicates that chicken PPs also 
play a role in sampling antigen from the intestinal lumen (Hoshi et al., 1999).  
 
Limited effects of early feeding and DSS on ileal immune development 
Contrary to expectations, neither early feeding (chapter 2) nor DSS treatment 
(chapter 5) had an effect on ileal cytokine mRNA expression levels and had only 
very limited effects on ileal immunoglobulin mRNA expression levels. Feed intake 
is known to induce intestinal development and early feeding has been shown to 
increase intestinal cell proliferation and surface area (Uni et al., 1998; Noy et al., 
2001; Lamot et al., 2014). Furthermore the chicken intestine is rapidly colonized 
by high numbers of bacteria immediately after the first ingestion of feed (Shapiro 
and Sarles, 1949). In the chicken a transient inflammation of the cecum and ileum 
characterized by an upregulation of pro- and anti-inflammatory cytokines in the 
first weeks of life may be necessary for immune activation (Lammers et al., 2010; 
Crhanova et al., 2011). It was therefore expected that early feeding would lead to 
an earlier onset in the upregulation of cytokines, which was not the case in our 
study (chapter 2). Similar to early feeding administration of DSS also did not lead 
to an earlier onset in the upregulation of ileal cytokines (chapter 5), although 
cytokine upregulation was expected in response to the inflammation caused by 
DSS. Also Ig expression levels were not greatly influenced by EF or DSS and an 
effect in terms of a down-regulation of Ig levels was mainly seen in broilers, which 
seem to be characterized by a more humoral oriented immune strategy (chapter 2).  
Similar to our studies, Bar-Shira et al. (2005) found rather limited and 
transient effects of early feeding on the small intestine, while it led to a more rapid 
colonization of the hindgut and bursa with B and T lymphocytes. Furthermore it 
was shown in a study using fluorescent polystyrene beads that antigens taken up 
via the cloaca are mainly diverted to the bursa where B cell development takes 
place, but may also reach other parts of the intestine (Van der Sluis et al., 2009). 
Thus, due to its unique features that differ from those of mammals, in future studies 
the role of the chicken hindgut for immune education may be interesting to 
investigate as well. 
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Early life conditions affect specific antibody responses later in life  
Despite the limited effects on ileal level observed in our studies, different 
early life conditions did influence the specific antibody response towards a 
combined LPS/HuSA challenge later in life. In a combination of different housing 
systems and feeding strategies, delayed fed birds raised in a floor system showed 
the most pronounced specific antibody response towards HuSA following i.t. 
administration of LPS/HuSA compared with cage housed birds, without an effect 
on the specific antibody response towards LPS (chapter 3). Administration of 
antibiotics early in life also affected the antibody response towards HuSA later in 
life in form of a suppression of the antibody response, again without an effect on 
the response towards LPS (chapter 4). In contrast, induction of intestinal pathology 
by administration of DSS did not affect the response towards HuSA, but did lead to 
lower antibody responses towards LPS (chapter 5).  
Based on these experiments it can be concluded that early life conditions have 
long-term effects on the specific antibody response. The answer to why some 
experimental treatments affected the T cell dependent antibody response towards 
HuSA and others the T cell independent response towards LPS may lie within the 
different experimental designs. Delayed access to feed and administration of 
antibiotics affected microbial colonization in the immediate post-hatch period and 
led to a different start in life for animals in the experimental groups compared with 
control animals. Administration of DSS on the other hand led to intestinal 
pathology at a time when initial microbial colonization had already taken place, i.e. 
all animals had the same start in life. Another explanation may be the different 
immunization routes used in the experiments. Early and delayed fed birds in 
different housing systems as well as birds that received antibiotics early in life 
received LPS/HuSA intra-tracheally (mucosal immunization), while birds in the 
DSS study received LPS/HuSA intramuscularly (systemic immunization). 
Different immunization routes not only lead to different amounts of antibody 
production (Koenen et al., 2002; Bar-Shira et al., 2005; Murai et al., 2015), but 
may also cause the induction of different T cell responses (Xu-Amano et al., 1994). 
Oral administration of different T cell dependent antigens (mucosal immunization) 
was shown to preferentially induce Th2 responses, while intravenous or 
intraperitoneal administration (systemic immunization) induced Th1 responses in 
Chapter 6 
148 
different tissues. Different immunization routes in combination with different early 
life conditions may therefore have affected T cell dependent and independent 
antibody responses in a different way. An additional consideration why DSS 
treatment did not affect the specific antibody response towards HuSA is the 
relatively high dose of HuSA administered in the respective experiment (chapter 
5), which may have led to the production of plateau levels of anti-HuSA antibodies 
in both treatment groups. The possible production of plateau levels of anti-HuSA 
antibodies may have camouflaged possible effects of DSS administration on the 
specific antibody response against HuSA.  
Several mechanisms may have influenced the specific antibody response in 
the various experiments conducted. Early life feeding strategy, i.e. provision of 
feed immediately post hatch or with a 72 h delay, had more effect when birds were 
housed in a floor system than when they were housed in a cage system. As 
mentioned before, delayed fed birds in a floor system showed the most pronounced 
antibody response towards HuSA accompanied by the most pronounced sickness 
response following i.t. administration of a combination of LPS and HuSA (chapter 
3). Others have looked at the effects of early feeding and housing system on the 
immune response as well, but so far the two factors had not been combined in one 
study. Apart from a more rapid colonization of the hindgut and bursa with T and B 
lymphocytes, early fed birds also mount higher primary antibody responses when 
immunized in the first week of life compared to delayed fed birds (Bar-Shira et al., 
2005). These results seem to disagree with findings of our study where delayed fed 
birds showed a more pronounced primary antibody response, but the differences in 
experimental design presumably account for these seemingly inconsistent results. 
Birds in our study were immunized at 28 days of age, while birds in the study of 
Bar-Shira et al. (2005) were immunized at 6 days of age and delayed fed birds of 
that study may have been limited in their ability to react to the administered 
antigen, because at that time they still lagged behind in intestinal and bursal 
development. Additionally, maternal antibodies are still present in the first two 
weeks of a chick’s life. Maternal antibodies may interfere with primary antibody 
responses in a suppressive way (Glezen, 2003). Although the presence of maternal 
antibodies may suppress primary antibody responses, priming of the immune 
system still takes place and the secondary response towards a booster 
immunization is not affected (Glezen, 2003). It would therefore have been 
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interesting to have investigated the effects of early and delayed feeding on the 
secondary response towards a booster immunization later in life when maternal 
antibodies had gone.  
Regarding the influence of housing conditions on the immune response, it has 
been shown before that chickens kept in a floor system during the first weeks of 
life showed a higher specific antibody response towards a T cell dependent antigen 
later in life (Moe et al., 2010). Interestingly, in their study Moe et al. (2010) also 
showed that housing conditions after the rearing period, i.e. after 16 weeks of age, 
did not have an effect on the antibody response indicating the importance of early 
life housing conditions for later life immune responses.  
Upon combining early life feeding strategies and housing systems it becomes 
clear that these two factors interact. Dibner et al. (1998) have postulated that 
delayed fed birds are impaired in their ability to cope with environmental and 
disease challenges as they show a drop in performance in response to an oral 
coccidiosis vaccine which was used as a model for a non-specific disease 
challenge. In our study delayed fed birds housed in a floor system showed a 
pronounced growth check in response to an intratracheal LPS/HuSA challenge 
(chapter 3). Based upon these findings, one might argue that in a floor system, in 
which antigenic pressure is high, delayed feeding may be disadvantageous. On the 
other hand these birds showed the highest response in terms of specific antibody 
titers against HuSA, indicating that these birds are very well able to cope with 
challenges, but that this comes at a cost in terms of performance. It is also likely, 
however, that the failure to develop tolerance in delayed fed birds led to a more 
pronounced antibody and sickness response. Oral tolerance towards (food) antigens 
is developed within the first week of a chick’s life. It has been shown that tolerance 
can be induced in all chicks during the first 3 days of life, while tolerance induction 
is far less efficient after day 4 (Klipper et al., 2000). In order to develop long-term 
oral tolerance continuous exposure to the respective antigen in the first days of life 
is important (Klipper et al., 2000). In accordance with these findings, deprivation 
of dietary antigens and therefore lack of colonization with certain microbiota early 
in life may lead to an increased responsiveness towards LPS and a skew towards 
humoral immune responses (Da Silva Menezes et al., 2003; Sjörgen et al., 2009). 
Therefore chicks that were withheld from feed during the first 72 h post hatch may 
have failed to develop tolerance towards LPS, leading to an enhanced response 
Chapter 6 
150 
towards the LPS/HuSA challenge compared with birds fed immediately post hatch. 
The pronounced sickness response in delayed fed birds suggests that not only the 
humoral response has been affected, but delayed feeding has also had an influence 
on non-humoral parts of the immune system, since the sickness response is 
mediated mainly by pro-inflammatory cytokines (Johnson, 1998; Dantzer, 2001). If 
delayed access to feed in the immediate post hatch period has led to a failure to 
induce tolerance with a more pronounced response towards an antigenic challenge, 
then why did early access to feed not seem to matter in cage-housed birds? Cage-
housed birds may have experienced more stress, since the cage environment 
prevents birds from performing natural behaviors such as dustbathing and foraging 
(Wang et al., 2003). Indeed, measurement of blood corticosterone levels in a very 
limited number of birds indicated higher corticosterone levels in cage-housed birds 
(1.2 ± 0.4 ng/ml) compared with floor-housed (0.8 ± 0.1 ng/ml) birds leading to the 
tentative speculation that the immune response might have been suppressed due to 
higher stress levels in cage-housed birds and was therefore similar between early 
and delayed fed birds in the cage system.  
Delayed access to feed as well as administration of antibiotics during the first 
weeks of life lead to a reduction of antigenic stimulation and an altered microbiota 
composition in the intestine early in life. Opposite to delayed access to feed, 
administration of antibiotics did not lead to a more pronounced antibody response 
towards LPS/HuSA, but on the contrary dampened the antibody response. Despite 
the depletion of their microbiota, it is likely that birds that were administered 
antibiotics still developed tolerance towards LPS. LPS is used as an adjuvant and 
tolerance towards LPS may consequently lead to lower antibody responses towards 
a model antigen, in this case HuSA. It might seem contradictory to be able to 
develop tolerance towards LPS during a phase of microbiota depletion, but 
assessment of fecal microbiota composition in antibiotic treated birds revealed an 
overgrowth of E. coli in these birds during antibiotic treatment. As a consequence 
antibiotic treated birds were continuously exposed to a high amount of E. coli 
derived LPS early in life, which may have led to mucosal tolerance against E. coli 
derived LPS. Exposure to high amounts of E. coli derived LPS early in life has 
probably interfered with the E. coli derived LPS used as an adjuvant in the 
mucsosally administered LPS/HuSA challenge later in life. Instead of acting as an 
adjuvant as is the case when LPS is administered simultaneously with or shortly 
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after a T cell dependent antigen (Luecke and Sibal, 1962; Merritt and Johnson, 
1963; Hamaoka and Katz, 1973), LPS can act as a suppressor of T cell dependent 
antibody responses when it is administered some time before the model antigen 
(Luecke and Sibal, 1962; Merritt and Johnson, 1963; Persson, 1977; Parmentier et 
al., 2004; Maldonado et al., 2005). LPS has been suggested to directly enhance the 
suppressor function of regulatory T cells via the TLR-4 receptor (Caramalho et al., 
2003), which has also been confirmed in chickens (Shanmugasundaram and 
Selvaraj, 2012). Additionally, dependent on the dose LPS may direct T cell 
responses towards a Th1 (high dose) or Th2 (low dose) response (Eisenbarth et al., 
2002). A shift towards Th1 type responses may have taken place in antibiotic 
treated birds due to their exposure to high amounts of LPS during immune 
development. The exact mechanism underlying the observed effect in our chickens 
remains to be investigated, however, since studies in adult humans and rodents 
have shown that administration of antibiotics in a period in which immunization 
takes place may also suppress T cell dependent and/or T cell independent antibody 
responses, dependent on the antibiotic used (Hauser and Remington, 1982; Woo et 
al., 1999). Thus, although early life antibiotic treatment may influence immune 
development, antibiotic treatment later in life may also affect immune reactivity, 
independent of early life experiences.   
In the experiments that investigated the effects of early feeding strategy and 
administration of antibiotics, the normal microbial colonization process was 
hampered in the experimental groups. In contrast, all chickens in the DSS 
experiment had the same start in life. In that experiment early feeding allowed for 
normal microbial colonization post hatch in all chickens, but intestinal pathology 
was induced in the second week of life. Nevertheless, the specific antibody 
response against LPS in response to the LPS/HuSA challenge later in life was 
affected by early life DSS treatment. Administration of DSS can lead to changes in 
microbiota composition (Okayasu et al., 1990; Faure et al., 2006; Lupp et al., 2007) 
and disruption of normal microbiota development early in life may influence 
immune development (Round and Mazmanian, 2009) and consequently lead to 
differences in immune responses later in life. Based on the findings in mice the 
microbiota of DSS treated birds may have been changed, but microbiota 
composition was not assessed in birds of the DSS experiment. Results indicate, 
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however, that intestinal pathology early in life may still influence immune 
responses later in life.    
 
Implications and further research 
Taken together, the results of the various experiments within the scope of this 
thesis and by others show that early life conditions may have an impact on the 
development of the (chicken) immune system and immune responses later in life. 
In this regard early life microbial colonization seems to be an important factor. 
During immune development, especially the first days seem to be of importance for 
tolerance induction, but the basis for later life immune responses may still be 
established to some extent in the days or weeks thereafter. Especially in high 
density situations on farms in which birds have to face high infection pressure good 
management procedures during the first weeks of life, such as early feeding or 
renouncing the use of antibiotics, may help with the development of a balanced 
immune system and increase robustness of animals.  
Furthermore also immunological studies should take into account early life 
conditions as much as possible and not solely focus on the experimental treatment 
applied. In that respect it is also advisable not to purchase one day-old chicks for 
immunological studies, since those chicks are never exactly one day old, but may 
be between one and three days of age due to management procedures at 
commercial hatcheries. Purchase of one day-old chicks inevitable leads to some 
chicks being relatively early fed and chicks with a pronounced delay in access to 
feed.  
 
 
A BROILER IS NOT A LAYER 
 
Chickens have been artificially selected for different production traits for 
decades and the selection is still ongoing. While layers have been selected for a 
high production of eggs, broilers have been selected for fast growth, i.e. meat 
production. Selection, be it artificial or natural, never affects just one single trait as 
has for instance been shown in domestication experiments (Trut et al., 2009). 
Selection for specific production traits has therefore very likely led to an 
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unintentional co-selection of other traits as well. That unintentional co-selection 
may include immunological traits has been confirmed in chapters 2 and 5.  
 
Immune strategy & specific antibody response 
It seems that broilers and layers have adapted different immune strategies 
during the selection process for different production traits. While broilers seem to 
have developed a more humoral-oriented immune strategy with high levels of 
immunoglobulins, layers seem to have developed a more cellular-oriented immune 
strategy with high levels of cytokines (chapter 2). Acute phase responses 
characterized by a massive release of cytokines are more costly (Husband, 1995; 
Iseri and Klasing, 2013) than antibody responses (Van Eerden et al., 2004; Korver, 
2012) and since the fast growth of a broiler is energy-demanding it is possible that 
co-selection for a relatively cost-efficient immune strategy, i.e. investment in high 
amounts of antibodies rather than cytokines, has taken place. One should keep in 
mind, however, that results presented in chapter 2 were obtained on ileal level and 
may only reflect the situation on mucosal sites. Others have, however, also found 
lower pro-inflammatory cytokine levels in spleen cells of broilers compared with 
spleen cells of layers (Leshchinsky and Klasing, 2001). Furthermore in a 
splenocyte proliferation assay broilers, in contrast to layers, showed weaker non-
specific cellular responses and a lack of specific cellular responses (Koenen et al., 
2002), but the non-specific response of both breeds may depend on the mitogen 
used (Leshchinsky and Klasing, 2001). The breeds also differed in their specific 
systemic antibody responses to i.v. administered trinitrophenyl-conjugated KLH 
(Koenen et al., 2002). While broilers in that study showed higher IgM responses, 
layers showed higher IgY responses and maintained their antibody levels for a 
longer period of time. The breeds showed a larger difference in IgY antibody levels 
compared with IgM antibody levels and as an IgM response is part of the first line 
of defense against invading pathogens, the authors suggested that the IgM response 
is more important for host protection from an evolutionary point of view compared 
with the secondary IgY response and might therefore be less affected by selection.  
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Recovery after intestinal damage 
Broilers and layers have also been shown to react differently to intestinal 
pathology in terms of intestinal damage and ability to recover (chapter 5). Intestinal 
pathology was induced by administration of DSS, which compromises the 
intestinal barrier. Several ways in which DSS affects the intestinal barrier function 
have been proposed. Firstly, DSS leads to an enhanced permeability of the 
intestinal mucus layer for bacteria, which consequently come in contact with the 
epithelial cell layer (Ohkusa et al., 1995; Stevceva et al., 2001; Johansson et al., 
2010). Secondly, DSS decreases the capacity of macrophages to phagocytose 
bacteria, enabling bacteria to enter the lamina propria (Ohkusa et al., 1995; 
Stevceva et al., 2001). Furthermore, DSS may disrupt the intestinal barrier function 
through disruption of major cell pathways (Laroui et al., 2012). A direct toxic 
effect of DSS on epithelial cells has been suggested as well (Dieleman et al., 1994). 
All these effects of DSS lead to inflammatory responses, which include mucosal 
neutrophil infiltration and an upregulation of pro-inflammatory cytokines (Yan et 
al., 2009; Dutra et al., 2011). After administration of 2.5 % DSS in drinking water 
between day 11 and day 18 post hatch, layers showed a higher mortality and took a 
longer time to recover in terms of bodyweight and colon length, while broilers 
recovered quickly (chapter 5). Furthermore layers showed severe damage of 
different parts of the intestine. Layers showed damage and loss of the epithelial cell 
layer as well as loss of villi and crypts in colon and cecum, and in one case in the 
ileum as well. Broilers on the other hand showed no damage to the ileum, only a 
shortening and thickening of colonic villi and a partial loss of crypts in the cecum. 
Differences in susceptibility to DSS have been reported for different inbred 
mouse strains, suggesting that genetic differences play a role in the development of 
DSS-induced colitis (Mähler et al., 1998; Stevceva et al., 1999; Melgar et al., 
2005). Genetic differences between breeds might therefore explain the observed 
differences in susceptibility to DSS between broilers and layers. Layers that seem 
to have developed a more pro-inflammatory immune strategy compared with 
broilers (chapter 2) tended to show increased levels of IL-1β in response to DSS 
while broilers did not (chapter 5). In mice it was shown that IL-1β together with 
IL-18 plays an important role in the development of DSS-induced colitis and 
treatment with an IL-1 receptor antagonist alleviated symptoms (Siegmund et al., 
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2001). Thus, the difference in immune strategy between the two breeds may have 
led to the fact that layers were more susceptible to DSS.  
A different susceptibility to DSS between the two breeds does, however, not 
explain why both breeds hardly showed any reaction to DSS in a dose-response 
pilot study. A possible explanation for this discrepancy between pilot and follow-
up study might be the supposedly more stressful environment of the follow-up 
study described in chapter 5, in which the birds had to deal with a slightly 
fluctuating climate, different caretakers and several changes in group composition, 
which was not the case in the pilot study. So rather than a difference in the 
susceptibility to DSS, one might speculate that a different susceptibility to stress 
might explain the more severe symptoms, higher mortality, and longer recovery 
period of layers compared with broilers in the follow-up study. The effect of stress 
on the severity of colitis induced by DSS and other chemicals has been shown in 
rodents, in which stress prior to or after induction of colitis increased the severity 
of colitis and the accompanying symptoms (Gué et al., 1997; Reber et al., 2006). 
Furthermore stress led to a reactivation of quiescent colitis in rodents (Qiu et al., 
1999; Melgar et al., 2008). Comparative studies in broilers and layers indicate that 
layers are more susceptible to stress as they develop higher plasma corticosterone 
levels and show more stress-related vocalizations in response to stress induced by 
an open field test or restricted access to feed (Hocking et al., 1993; Saito et al., 
2005). A possible explanation for the development of more severe colitis in 
stressed animals may be the fact that like DSS stress itself also affects the intestinal 
barrier function and makes it possible for bacteria to adhere to and penetrate the 
intestinal epithelium (Qiu et al., 1999; Cameron and Perdue, 2005). Therefore 
stress can enhance the detrimental effects of DSS and deserves consideration in 
future studies.   
Except for differences in stress sensitivity, broilers may also suffer less from 
DSS and recover more quickly because of a higher cell turnover which comes with 
their fast growth. A higher cell turnover means that cells are renewed more 
quickly. Thereby it probably becomes harder for bacteria to penetrate further into 
the epithelial cell layer, which leads to less intestinal damage. The higher cell 
turnover of broilers makes it also possible to recover more quickly in terms of 
colon length and bodyweight after cessation of DSS treatment. On the other hand 
broilers in a very recent study showed severe symptoms of DSS induced colitis 
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when administered 1.5 % and 3 % DSS and the authors suggested that 0.75 % DSS 
would be a more appropriate dose to use in broilers (Menconi et al., 2015). 
Discrepancies between results obtained by Menconi et al. (2015) and the results 
obtained in our study may be due to higher stress levels in the birds of Menconi et 
al. (2015) which were kept in battery cages rather than in floor pens like birds in 
our study. Furthermore Menconi et al. (2015) do not state the broiler line they used 
in their study and genetic differences in susceptibility to DSS between different 
lines used in their study and our study may have played a role.  
 
Selection for a specific trait entails co-selection for other traits 
In the past it has repeatedly been demonstrated that selection for production 
traits comes at a cost of immunological traits and vice versa. In broilers and turkeys 
relative weight of primary and secondary immune organs decreased when birds 
were selected for increased bodyweight or increased egg production (Bayyari et al., 
1997; Cheema et al., 2003). At the same time disease resistance was decreased 
(Yunis et al., 2000; Huff et al., 2005), although more so in the birds selected for 
high bodyweight than in birds selected for high egg production (Huff et al., 2005). 
Cutaneous basophil hypersensitivity responses to phytohemagglutinin-P (PHA-P) 
were also less pronounced in birds selected for high bodyweight, but were not 
influenced in birds selected for high egg production (Bayyari et al., 1997), 
indicating that immune responses are more affected by selection for high 
bodyweight than by selection for high egg production. Thus, the broiler immune 
system may have been compromised to a higher extent during the selection process 
for rapid growth than the layer immune system during the selection for high egg 
production.  
Most studies do not compare broilers and layers, but investigate the 
consequences of selection for different traits within one breed. When broilers and 
layers are selected for higher bodyweights their antibody responses towards an 
antigen decrease (Miller et al., 1992; Qureshi and Havenstein, 1994; Cheema et al., 
2003). Not only are the antibody responses lower in layers selected for high 
bodyweight, but antibody levels are also maintained for a shorter period compared 
with birds that have a lower bodyweight (Miller et al., 1992). Not all parts of the 
immune system seem to be affected in the same way by selection for bodyweight, 
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since in broilers selection for high bodyweight did not affect macrophage and NK 
cell functions in a study of Qureshi and Havenstein (1994). On the other hand 
Cheema et al. (2003) have reported that selection for high bodyweight was 
accompanied by higher phagocytic activity of macrophages, and higher cell-
mediated and inflammatory responses and Yunis et al. (2000) postulated that the 
antibody response was independent of bodyweight. Discrepancies between findings 
may be caused by the fact that the selection process is still ongoing. Selection 
strategies and breeding goals may have changed over the years leading to different 
findings in older studies compared with more recent studies.  
Not only does selection for production traits affect different parts of the 
immune system, but the other way around selection for certain immune parameters 
may affect production traits as well. In layers for instance, selection for high T cell 
dependent antibody responses against sheep red blood cells (SRBC) led to a 
decrease in bodyweight and egg production as well as an increase in the number of 
defective eggs (Siegel et al., 1982; Martin et al., 1990; Parmentier et al., 1998a; 
1998b). While weights of primary and secondary immune organs were not 
affected, differences in resistance to various pathogens were observed (Gross et al., 
1980). Higher antibody production against SRBC was accompanied with an 
increased resistance towards pathogens including a bacterium, a virus, and endo- as 
well as ectoparasites. Resistance was, however, not increased to all pathogens 
investigated, but was decreased to E. coli and S. aureus. In contrast to these 
findings, Siegel et al. (1982) have reported a lower mortality due to E. coli and S. 
aureus in birds with high antibody responses to SRBC and have suggested that 
contradictory findings may be due to differences in husbandry and the resulting 
gene x environment interactions. Additionally, different chicken lines within one 
breed may differ in their cellular and humoral immune responses even if they were 
selected for the same immunological trait (Van der Zijpp, 1983; Kreukniet et al., 
1994) and it has been pointed out that a comparable selection protocol does not 
inevitably lead to a similar outcome in terms of immune responses (Kreukniet et 
al., 1994). In broilers on the other hand, selection for high antibody levels against 
E. coli did not necessarily compromise growth (Yunis et al., 2000). Higher 
mortality rates caused by infectious diseases were observed in birds with high 
growth rates, but were independent of antibody levels. Antibody levels did, 
however, become important in broiler lines with similar bodyweights, where low 
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antibody levels entailed higher mortality rates and the authors suggested a complex 
relation between growth rate, antibody levels towards E. coli, and resistance to 
infectious diseases. It would be interesting to investigate whether these interactions 
depend on the type of antibody response selected for, i.e. T cell dependent or T cell 
independent responses, or whether genetic differences between breeds play a role. 
It would furthermore be interesting to investigate other immune functions as well, 
since low antibody responses against E. coli may have been compensated by an 
enhanced innate response leading to a lower bodyweight in these birds despite their 
low antibody titers.  
 
Implications and further research 
 In conclusion, a broiler is definitely not a layer as the two breeds show 
differences in terms of immunological traits, differ in their capability to handle 
intestinal pathology, and seem to differ in their susceptibility to stress. Selection for 
production traits, be it higher BW or higher egg production, may have profound 
effects on different parts of the immune system, depending on breed and line. This 
should be taken into account in breeding programs as well as in research projects 
aiming at immunomodulation via feed ingredients. Rather than aiming at an overall 
solution to create more robust chickens, one should consider whether tailor-made 
solutions might not be more desirable. As an example dietary compounds that 
stimulate immune development may be provided in husbandry situations with high 
antigenic pressure, whereas this might not be necessary under more hygienic 
situations. 
 
 
FINAL REMARKS 
 
We have seen that broilers and layers differ largely, not only in their physical 
development, but also in their immune development and their reaction to 
immunological challenges. This means that there is no overall solution for 
generating a more robust chicken, but breeds and even lines within breeds differ in 
their needs, which calls out for more customized solutions, e.g. in terms of 
immunomodulation via feed. Furthermore the relationship between early life 
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conditions that affect microbial colonization and later life immune responses has 
been shown, illustrating the importance of adequate microbial colonization and a 
balanced microbiota composition. A balanced microbiota helps protect the host 
from invasion by pathogens through facilitation of rapid responses against potential 
pathogens via continuous modulation of the host immune system by the intestinal 
microbiota (Clarke et al., 2010; Stecher and Hardt, 2011; Willing et al., 2011). 
 
Limiting factors 
A limiting factor in the studies carried out within the scope of this thesis is 
that it is not possible to investigate all aspects of the immune system, which means 
that one always obtains only part of the picture. The immune system will always 
try to find some state of homeostasis, as this is the key to host survival. This means 
that a certain experimental treatment never just influences one part of the immune 
system, but other parts of the immune will inevitably be influenced as well. So 
while for example the adaptive arm of the immune system might be downregulated 
by a certain experimental treatment this does not automatically mean that an animal 
is less well protected as the shortcomings regarding the adaptive arm of the 
immune system might be compensated by an enhanced innate immune activity. 
This makes it difficult to judge whether for instance an enhanced specific antibody 
response is beneficial for an animal or not. On the other hand the interplay between 
various parts of the immune system is also an advantage when investigating long-
term effects of early life conditions on host immunity, since alterations observed in 
one effector function such as the specific antibody response allow the conclusion 
that other parts of the immune system have very likely been altered as well.  
Additionally all studies were performed in healthy animals and animals 
underwent a non-infectious immunological challenge. Under more practical 
situations with a higher stocking density and higher environmental antigenic 
pressure treatment effects may become more visible due to the fact that the animals 
may have less room in their adaptive capacity to deal with experimental challenges 
due to the several other challenges they already face under practical circumstances. 
Thus, under practical circumstances effects of early life conditions probably 
become even more pronounced.    
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Ongoing selection 
A more general consideration is that selection for certain traits in different 
chicken breeds, but also in other farm animals is still ongoing. This means that 
results obtained now may not be true anymore in a couple of years. As discussed 
before, selection for certain production traits may also lead to selection for certain 
immunological traits. Additionally targeted selection for certain immunological 
traits takes place, since dampening of immunological responses leaves the animal 
with more resources to allocate to production traits such as growth. A problem we 
should be aware of is that with these selection procedures animals might be created 
that are tolerant to certain pathogens. Tolerance means that animals tolerate a 
pathogen to a certain extent without immunologically reacting to it, i.e. the animal 
does not waste resources on an immunological response but rather uses them for 
the production trait it was selected for. While in terms of economic profit tolerance 
seems like a good thing, it might not be such a good idea in terms of health and 
safety as animals might be selected to become tolerant to pathogens that can be 
harmful to humans. An aim should therefore be to obtain animals that are resistant 
to pathogens, i.e. animals in which infection is prevented or pathogenic load is 
decreased. Of course disease resistance may come at a cost of performance traits 
and the challenge is to find a good balance between robustness and performance of 
an animal. In that respect a fast and well-functioning innate arm of the immune 
system that is able to prevent clinical infections may be the key to both host health 
and performance. In that regard a more open dialogue between breeding companies 
and scientists would be desirable, since it is often not clear what the breeding goals 
of a company are and on which criteria selection is based. This is understandable 
from a breeding company’s economic point of view, since competition is fierce. On 
the other hand a more open dialogue between breeding companies and scientists 
would save a lot of time and money on the scientists’ side. By not knowing what 
animals are selected for, scientists are always one step behind in their research and 
may focus on ways to enhance an immunological response while selection criteria 
of breeding companies may aim at a lack of that specific immunological response. 
Thus, even more importantly, a more open dialogue could also save a substantial 
amount of experimental animals.  
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Environmental limits to genetic selection 
Finally we should ask ourselves where we want to go in animal production 
and where the limitations lie. In a very interesting paper (Beilharz, 1998) stated 
that the limitation of animal production lies not within the genetic potential of 
animals. Instead resources provided by the environment are the limiting factor and 
genetic selection beyond these limitations will have detrimental effects. In other 
terms there is an environment-limited optimum to animal production and this 
optimum can only be increased when the environment is improved. The problem is 
that different environments entail a different optimum. Farm environments differ, 
for example in antigenic pressure due to differences in farm management, and what 
is optimal in terms of animal production traits for one farm environment may not 
be optimal or even be detrimental in another farm environment. This also becomes 
an issue when there is a mismatch between the environment in which the parent 
stock is selected and the environment the offspring has to face. An additional 
problem is that intensive genetic selection forces an animal to allocate resources to 
the production trait it was selected for, consequently diminishing the animal’s 
adaptive capacity to react to unexpected environmental challenges (Rauw et al., 
1998).  
In conclusion we should ask ourselves whether we should still strive for more 
in terms of production traits or whether we should rather be satisfied with what has 
been achieved so far and face/accept the limits of animal production. As R.G. 
Beilharz (1998) has so nicely formulated: “Impossible goals are best recognized as 
impossible, before spending vast sums in documenting this empirically.” 
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A balanced immune system and the ability to mount an appropriate immune 
response where necessary are essential for survival and proper functioning of the 
body. The course for later life immune responses is set early in life during the 
developmental phase of the immune system and accordingly disturbances of 
immune development may have long-term consequences for host health. As the gut 
microbiota play an important role in immune activation and immune development, 
also disturbances of microbial colonization early in life may affect immune 
development and thus may have consequences for immune competence and disease 
resistance later in life. In chickens early life factors which are very likely to 
influence microbial colonization and therefore immune development include 
management procedures in commercial hatcheries, such as disinfection of eggs and 
chicks, and delayed access to feed post hatch, early life housing conditions, 
antibiotic treatment, and intestinal pathologies. The research performed within the 
scope of this thesis aimed to investigate in how far different early life conditions 
and interventions that are likely to disturb early life microbial colonization 
influence immune development as well as the specific humoral immune response 
later in life. Additionally, possible differences in immune development and 
immune response between broilers and layers were taken into account, since 
selection for different production traits may have entailed co-selection of 
immunological traits.  
 
In chapter 2 the effect of immediate and delayed access to feed post hatch on 
immune development at ileal level was investigated. For this purpose 150 broiler 
hens (Ross 308) and 210 laying hens (Lohman Brown) either received immediate 
access to feed and water post hatch or with a 72 hour delay. Ileal cytokine and 
immunoglobulin mRNA expression levels were determined immediately post hatch 
and at 3, 6, 9, 14, 21, 35, and 42 days post hatch for both breeds and additionally at 
days 70 and 140 post hatch for layers. Bodyweight, relative spleen and bursa 
weights, as well as systemic natural antibodies against keyhole limpet hemocyanin 
(KLH) were assessed on the aforementioned days. Furthermore the number of ileal 
IgA-positive cells was determined in broilers after assessment in a limited number 
of samples in both breeds indicated a possible effect of early feeding in broilers.  
As could be expected from literature, delayed fed birds of both breeds showed 
lower bodyweights than early fed birds. Yet, the effect of feeding strategy on all 
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other parameters was limited. Interestingly, however, broilers and layers differed in 
their ileal immune development in that broilers showed up to 28 times higher ileal 
immunoglobulin expression levels and up to 49 times lower ileal cytokine 
expression levels compared with layers.  
Taken together the study presented in chapter 2 showed that early feeding did 
not seem to have a clear effect on ileal immune maturation, but also demonstrated 
that broilers and layers seem to differ considerably regarding ileal immune 
development, suggesting that the two breeds have adapted different immune 
strategies. 
 
In chapter 3 the effect of immediate and delayed access to feed on the specific 
antibody response later in life was investigated in broilers that were kept in two 
different housing systems, since early feeding strategy might influence a bird’s 
sensitivity towards its environment. In that study 128 broiler hens (Ross 308) 
received either immediate access to feed and water post hatch or with a 72 hour 
delay. Birds of both feeding strategies were either housed in a floor system 
containing wood shavings or in a cage system. On day 28 post hatch half of the 
birds of each feeding strategy and housing condition received one of two 
treatments: either a noninfectious lung challenge consisting of a combination of 
intratracheally administered E. coli derived lipopolysaccharide (LPS) and human 
serum albumin (HuSA), or intratracheally administered phosphate buffered saline 
(PBS) as a placebo. Specific antibody titers against LPS and HuSA, as well as 
natural antibody titers against KLH were determined on days -1, 0, 3, 7, and 14 
relative to the challenge. Furthermore the birds’ sickness response was assessed in 
the hours following administration of the LPS/HuSA challenge.  
Delayed fed birds in the floor system showed the highest specific antibody 
response towards HuSA and the most pronounced sickness response in terms of 
growth check, sickness behavior and feeding motivation. Based on findings by 
others, it was hypothesized that delayed access to feed might have led to a skew 
towards humoral immune responses or an insufficient establishment of tolerance 
against LPS in these birds. In that regard immediate access to feed post hatch 
seemed to be of higher importance in a floor system as cage-housed birds of both 
feeding strategies did not differ greatly from each other. It is possible that the 
effects of immediate access to feed post hatch become more pronounced under 
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higher antigenic pressure from the environment. Another possibility is that in cage-
housed birds immune responses were suppressed due to possibly higher stress 
levels in these birds.  
Taken together, early life feeding strategy and housing conditions may have a 
long-lasting effect on immune responsiveness and should be taken into account in 
immunological studies.  
 
In chapter 4 the effect of early life antibiotic treatment on fecal microbiota 
composition as well as the specific antibody response later in life was investigated. 
Antibiotic treatment was based on a protocol developed for use in rodents, which in 
mice leads to a phenotype resembling that of germ-free animals. To our best 
knowledge this protocol was adapted for use in chickens for the first time in our 
study. For this purpose 40 one-day-old laying hens (Lohman Brown) were orally 
administered a cocktail of broad-spectrum antibiotics during the first week of life 
followed by a milder antibiotic treatment during week 2 and 3. The number of 
aerobic cultivable bacteria in feces was assessed on day 8. Fecal microbiota 
composition was assessed on days 8, 22, 35, and 175. On day 105 all birds received 
a non-infectious lung challenge consisting of an intratracheally administered 
combination of LPS and HuSA. Specific antibody titers against LPS and HuSA 
were assessed prior to administration of the challenge on day 105 as well as 10 
days after the challenge on day 115.  
On day 8, i.e. at the end of administration of the broad-spectrum antibiotic 
cocktail, antibiotic treated birds showed 2.7 x 103 times lower numbers of 
cultivable bacteria in their feces compared with control birds. Furthermore, 
antibiotic treated and control birds differed strongly in their fecal microbiota 
composition during antibiotic treatment, i.e. on days 8 and 22. Differences in fecal 
microbiota composition were most pronounced regarding the relative abundance of 
Proteobacteria and Firmicutes, with the vast majority of fecal bacteria belonging 
to Proteobacteria and especially E. coli et rel. in antibiotic treated birds, while in 
control birds the vast majority of fecal bacteria belonged to Firmicutes. Only two 
weeks after cessation of antibiotic treatment, however, no differences in fecal 
microbiota composition could be observed anymore between antibiotic treated and 
control birds. Yet, administration of antibiotics early in life did have an effect on 
the specific antibody response 12 weeks after cessation of antibiotic treatment and 
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antibiotic treated birds showed lower antibody titers against HuSA compared with 
control birds. It was hypothesized that the difference in microbiota composition 
may have affected immune regulatory functions and that the massive population 
with E. coli et rel. and the entailed high exposure to LPS early in life of antibiotic 
treated birds may have influenced the antibody response towards the LPS/HuSA 
challenge.  
Taken together, the study showed that administration of antibiotics early in 
life could still affect the specific antibody response months after cessation of 
antibiotic treatment. Furthermore a dysbiosis of the intestinal microbiota early in 
life may potentially alter immune development and consequently immune 
responses in the long run, despite an apparently quick recovery of the microbiota 
composition takes place.  
 
In chapter 5 the effect of an early life intestinal pathology on ileal immune 
development and the specific antibody response later in life was investigated. 
Administration of dextran sulfate sodium (DSS), which is widely used in rodent 
models of inflammatory bowel disease, was adapted as a model for intestinal 
pathology in chickens. For this purpose 130 broiler hens (Ross 308) and 130 laying 
hens (Lohman Brown) received access to feed and water immediately post hatch. 
From day 11 to day 18 post hatch half of the birds of each breed received 2.5 % 
DSS in drinking water. Control birds received plain drinking water. Relative ileal 
cytokine and immunoglobulin mRNA expression levels were determined on days 
10, 11 (8 hours after the start of administration of DSS), 14, 18, and 35 post hatch. 
Further measurements included bodyweight on a weekly basis, cecum and colon 
lengths on days 18 and 35 post hatch, as well as histological observations of ileum, 
colon and cecum on day 18 post hatch. On day 35 post hatch, all birds received an 
intramuscular LPS/HuSA challenge and specific antibody titers were determined 
on the day before administration of the challenge and on d 3, 7, and 14 after 
administration of the challenge.  
Ileal IL-1β expression levels were upregulated in DSS-treated layers on day 7 
of DSS treatment, but not in broilers, indicating a more pro-inflammatory immune 
strategy of layers. Furthermore DSS treatment led to a downregulation of ileal 
immunoglobulin expression levels, although to a greater extent in broilers. 
Administration of DSS led to lower specific antibody titers against LPS in broilers, 
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while DSS treated layers tended to show higher IgM antibody titers against LPS. 
Interestingly, and in contrast to an earlier performed dose-response pilot study, 
layers showed more severe symptoms in response to DSS administration than 
broilers. Layers showed a higher mortality, took a longer time to recover in terms 
of bodyweight and colon length, and showed more intestinal damage in histological 
samples. It was hypothesized that the discrepancy between the pilot study and the 
follow-up study might have been due to a more stressful environment in the 
follow-up study and a higher susceptibility to stress in layers, since in rodents it 
was shown that stress could enhance the severity of symptoms in DSS-induced 
colitis.  
Taken together, the study showed that when administered during immune 
development, DSS can affect specific immune responses later in life, and 
furthermore indicated that layers seem to have a more pro-inflammatory way of 
responding compared with broilers, leading to the development of more severe 
symptoms in these birds. Although more research is needed regarding the 
appropriate dose of DSS and possible effects of stress on DSS susceptibility in 
chickens, DSS-induced colitis may serve as a model to induce intestinal pathology 
in chickens.   
 
Chapter 6 discussed, amongst others, the importance of undisturbed microbial 
colonization for immune development and the consequences that delayed access to 
feed post hatch and the administration of antibiotics early in life can have on the 
intestinal microbiota composition and consequently immune responses later in life. 
With respect to the effects of early and delayed access to feed post hatch on the 
intestinal microbiota composition new data was presented. Ileal microbiota 
composition was determined for 5 early fed (immediate access to feed post hatch) 
and 5 delayed fed (72 hour delay) broilers and layers, respectively, on days 3, 9, 
21, 35, 42, and 140 (layer only) post hatch. Differences in ileal microbiota 
composition were clearly visible in both breeds on days 3 and 9, but microbiota 
composition became more similar between early and delayed fed birds of both 
breeds from day 21 onwards. The data clearly showed that early life feeding 
strategy affects ileal microbiota composition, which may consequently lead to a 
different stimulation of the host immune system and differences in immune 
responses later in life, as could be observed in the study presented in chapter 3.  
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Taken together, several conclusions can be drawn from the studies conducted 
within the scope of this thesis. First of all, it was found that early life factors such 
as access to feed post hatch and antibiotic treatment influence the intestinal 
microbiota composition and specific antibody responses later in life, which may be 
due to differences in immune development as a consequence of differences in 
microbial stimulation early in life. With respect to early feeding strategy, 
immediate access to feed post hatch seems to influence a bird’s sensitivity towards 
its environment and in that regard may be of greater importance in an environment 
with higher antigenic pressure. Secondly, administration of DSS may be used as a 
model to induce early life intestinal pathology in chickens and when administered 
during immune development it may affect immune responses later in life, although 
more research is needed on the appropriate dose for chickens. Finally, broilers and 
layers seem to have adapted different immune strategies with layers responding in 
a more pro-inflammatory way than broilers. Thus, early life conditions as well as 
differences between broilers and layers should be taken into account in future 
immunological studies.  
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